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This new edition reflects the many changes and rapid developments 
in the field of diabetes mellitus. The sixth edition adds a new editor 
as well as new authors and topics, but maintains our focus by ask- 
ing the authors to present those areas of the greatest significance 
and general use to the field. We believe that we have produced a 
book which covers the complete spectrum of what has become an 
increasingly important medical epidemic affecting more than 135 
million patients around the world. The scientific basis for the dis- 
ease remains the focus of the first half of the book and reflects the 
rapid increase in scientific developments in our understanding of 
carbohydrate and lipid metabolism. Here the impact of these excit- 
ing and novel biological insights, which are so important to clinical 
pathophysiology and treatment, is heavily emphasized. This is 
most readily seen in the completely revised chapters on the molec- 
ular and cellular biology of the B-cell, the mechanisms of insulin 
action, and the biochemical mechanisms of microvascular disease. 
The impact of the revolution in the molecular understanding of dis- 
ease is also evident in many other contributions such as the new 
chapter on vascular thrombosis and endothelial dysfunction, the 
molecular mechanisms and genetic engineering of insulin secreting 
cells, and the chapters on the pathophysiology and genetics of type 
2 diabetes, the immunology relevant to diabetes, and the patho- 
physiology and genetics of type | diabetes. Change is also reflected 
by our adding six entirely new chapters and 22 new authors. Thus 
the book continues to evolve at the same rapid rate as the field. 

In the pathophysiology area there has been extensive revision 
of our view of integrated metabolism and major updates on the 
mechanism involved in the complications of the disease plus sev- 
eral new chapters on the specific mechanisms for the eye, kidney, 
and nerve complications of the disease. The impact of the explo- 
sion of understanding of how body weight and adiposity are regu- 
lated is presented from both a basic perspective of the process to 
the clinical significance of the interaction between obesity and 
type-2 diabetes. Reflecting the final agreement between European 
and American organizations including the American Diabetes As- 
sociation, National Institute of Health, and World Health Organiza- 
tion, the terminology type 1 and 2 diabetes is used throughout the 
text and the updated standards for the diagnosis and classification 
of these forms of diabetes are presented in the new chapter on this 
topic. 

Clinical aspects of diagnosis, treatment and management are 
the focus of the other half of the book which also contains a num- 
ber of new chapters and authors. The major recognition of the im- 
portance of good plasma glucose control to diabetes complications 
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is strongly represented for both type 1 and 2 diabetes and ne 
treatment modalities and pharmaceutical agents for both forms « 
the disease are presented and their use discussed. Chapters on pi 
tients with complications also focus on specific diagnostic too 
and their use for the prevention and management of each complic: 
tion including discussion of the newer methods and treatmen 
which most critically address these associated disorders. Reflectir 
the increasing recognition of cardiovascular disease to the shor 
ened life expectancy of this patient population there are sever 
new chapters on the mechanisms of macrovascular disease and tł 
impact of all of the major risk factors on its clinical manifestatior 
including hypertension, dyslipidemia and endothelial and hemat 
logical dysfunction. In each of these areas potential treatments a 
reviewed and compared, and where possible, related to mechi 
nisms and outcomes. Finally, there are chapters on the behaviora 
economic and educational factors that are so important to patie! 
well being and comfort. In addition we look to the future with 
chapter on new treatments on the horizon that are playing such 2 
important role in the rate of change of everyday clinical practic 
and that reflect the enormous interest of the biotechnical and pha 
maceutical industry in the field. Thus clinicians will find the bic 
chemical and physiological basis of disease available to them < 
new treatments are developed that are based on this fundament: 
understanding of disease. At the same time scientists who wish | 
develop these new treatments will have the missing elements < 
present day treatment approaches clearly enunciated in the clinic: 
sections of the book to assist them in understanding how tł 
biochemical and physiological mechanisms express themselve 
clinically at the present time. We hope this book will prove usefi 
to all those interested in any and all aspects of this protean medic: 
problem. 

As is always true, we are indebted to our authors for their ur 
tiring effort to provide the most complete, most efficient inform: 
tion in their chapters and their forbearance with the comments < 
their editors during this process. We also wish to recognize the lo: 
of our dear friend and founding editor, Harold Rifkin, whose ph 
losophy to do what we can to help patients remains our guidin 
light. We also wish to acknowledge and thank the staff of our ne’ 
publisher, McGraw-Hill, for their help and support in bringing th 
book to you and express our immense appreciation to the loyal an 
dedicated assistants at our institutions, Tessa Trowbridge, Bethan 
Heintz and Kathleen Catalano who were critical to all of the ac 
ministrative details that are so necessary, allowing the editors t 
focus on the intellectual challenge of this project. 


The editors dedicate this book to Eunice 
Porte, Leslie Sherwin, Marilyn Baron, and 
Bibi Rifkin for their loving patience, 
understanding, and support. 
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CHAPTER 1 


Integrated Fuel Metabolism 


Gerald |. Shulman 
Eugene J. Barrett 
Robert S. Sherwin 


INTRODUCTION 


Regulation of fuel metabolism in humans involves a complex inter- 
play between hormones, exogenous nutrients, and interorgan ex- 
changes of substrates designed to maintain a constant and adequate 
supply of fuel for all organs of the body. The key regulatory hor- 
mone orchestrating the exchange and distribution of substrate be- 
tween tissues under fed and fasting conditions is insulin (see Chaps. 
3 through 5). Glucagon, catecholamines, cortisol, and growth hor- 
mone play major roles in energy regulation during times of acute 
glucose requirements, such as during exercise, under stress, or in 
response to hypoglycemia (see Chaps. 9, 27, and 31). The major 
organs involved in maintaining fuel homeostasis are the liver and 
kidney, by virtue of their unique ability to produce glucose; the 
brain, due to its almost total dependence on glucose as an energy 
source; and the muscle and adipose tissue, due to their ability to re- 
spond to insulin and store energy in the form of glycogen and fat, 
respectively. 

The purpose of this introductory chapter is to review how hu- 
mans utilize energy and the means by which the body manages its 
energy stores during times of feeding, fasting, and exercise. In ad- 
dition, a brief overview of the impact of diabetes on these processes 
is presented. 


FORMS OF ENERGY 


Ultimately, all animals sustain life from the energy released by the 
breaking of carbon-carbon bonds formed in plants during photo- 
synthesis. Cellulose is the principal form of this stored energy in 
the biosphere. It consists of polymers of glucose joined by B1,4 
linkages. In contrast to the a1,4 linkages that occur between glu- 
cose molecules in glycogen and other edible starches, cellulose is 
not digestible by humans. However, most ruminants harbor cellu- 
lase-producing bacteria in their digestive tracts which can degrade 
cellulose to glucose and therefore take advantage of this abundant 
energy supply. Energy in foodstuffs exists in three forms: (1) car- 
bohydrate, (2) protein, and (3) fat, which in turn consist of three 
basic units: sugars, amino acids, and free fatty acids. It is self- 
evident, glycogen is the main storage form for carbohydrate in hu- 
mans. It is a macromolecule (10°-10* kd) consisting of branching 
chains of glucose bonded by «1,4 or a@1,6 linkages. It is stored by 


most cells, with the highest concentrations occurring in liver ai 
muscle. Glycogen is highly hydrophilic, with 1-2 grams of wat 
stored with each gram of glycogen. Storage of energy in the for 
of glycogen is therefore relatively inefficient on a weight bas: 
yielding not the theoretical 4 cal/g of dry carbohydrate but rath 
only 1-2 calories for each gram of hydrated glycogen. Unlike ca 
bohydrate, protein is not accumulated in humans as a primary e 
ergy reserve. Instead, each molecule of protein serves other impc 
tant biological functions. In the healthy adult human eating 
weight-maintaining diet, amino acids derived from ingested pr 
tein replenish those proteins that have been oxidized in norm 
daily protein turnover. Once these protein requirements have ber 
met, any excess protein is either oxidized to carbon dioxide or, 
there is energy excess, this excess protein is ultimately converted 
glycogen or triglyceride. Like glycogen, most proteins are signi 
cantly hydrated and therefore the energy stored per gram of prote 
is less than the 4 cal/g of dry protein. In contrast to glycogen a1 
protein, fat is stored in a nonaqueous environment and therefo 
yields an energy level very close to its theoretical 9.4 cal/g 
triglyceride. This greater efficiency of energy storage provided t 
fat is crucial for all animals in that it allows for greater mobility ar 
prolongs survival during famine. 


FUEL STORAGE 


A healthy adult human uses approximately 1 cal/min or 1500-18( 
cal/d to meet basal energy requirements.’ Energy expenditure m: 
increase as much as two- to threefold with exposure to a cold eny 
ronment or during the performance of heavy exercise.” Table 1 
provides an estimate of the amount of energy stored in glycoge 
protein, and fat in a normally proportioned 70-kg human. As can | 
seen, if glycogen were the sole source of calories, liver and musc 
stores would be rapidly depleted, furnishing calories for less thi 
1 day’s resting energy expenditure. Body protein mass is muc 
larger with nearly half contained within skeletal muscle (~6 kg 
This potentially could provide ~10-15 days’ worth of energ 
However, energy stored as protein serves important enzymati 
structural, regulatory, and locomotive functions, which if compr 
mised would be very detrimental to survival. On the other han 
whole-body triglyceride stores (mostly in adipose tissue) a 
normally sufficiently large to provide fuel for several months 
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TABLE 1-1. Approximate Distribution of Body Fuels 
and Their Potential Energy In a 70-kg Adult Human 


Kilograms Kilocalories 
Adipose tissue triglyceride 12 108,000 
Muscle protein (dry weight) 6 24,000 
Carbohydrate (dry weight) 
Muscle glycogen 0.3 1200 


Liver glycogen 0.1 400 


survival depending on the level of physical activity. Therefore, 
while humans have two large storage depots of potential energy 
(protein and fat), fat serves as the major expendable fuel source. 
Thus, when less energy is taken in than is required to meet meta- 
bolic demands, the body initially draws on its limited quantities of 
hepatic glycogen, but soon adapts so it can draw on its fat reserves 
to meet energy demands, thereby minimizing its loss of body pro- 
tein stores. Similarly, when more energy is ingested than is being 
oxidized, excess calories are stored as glycogen and/or fat. There 
also exists a hierarchy for energy interconversion that is unidirec- 
tional in that amino acids can be converted to glucose and fat, and 
glucose can be converted to fat; however fat, once formed, can only 
be stored or oxidized. 


FUEL UTILIZATION 


There are three main priorities that humans have for fuel utiliza- 
tion. The first priority is accorded to maintaining a stable supply of 
substrate for central nervous system function. The brain has little 
stored energy in glycogen or triglyceride and therefore depends on 
the liver (and under some circumstances the kidney) for a constant 
supply of energy. In the fed state and early in fasting the brain de- 
rives essentially all of its energy for function from glucose oxida- 
tion. Most other major organs of the body (muscle, liver, and heart) 
fill their energy needs at this time by oxidizing fatty acids. How- 
ever, the blood-brain barrier is impermeable to fatty acids, restrict- 
ing their use by the brain.” As a continuous supply of glucose is re- 
quired to meet the energy demands of the nervous system, humans 
have evolved elaborate, redundant mechanisms to maintain plasma 
glucose concentrations within a narrow range between 55 and 
140 mg/dL under both fed and fasted conditions. Lower glucose 
concentrations impair brain function, whereas high glucose con- 
centrations exceed the renal glucose reabsorption threshold, result- 
ing in wasting of this valuable energy source. In contrast, fatty 
acids and the water-soluble by-products of incomplete fatty acid 
oxidation, B-hydroxybutyrate and acetoacetate, can vary in con- 
centration by 10- and 100-fold, respectively, depending on the 
fed/fasted conditions.* During prolonged fasting (>2 days) plasma 
B-hydroxybutyrate and acetoacetate concentrations rise sufficiently 
to supply much of the brain’s oxidative fuel needs.° Thus the brain 
indirectly uses fatty acids as an energy source. 

The second priority for the body is to maintain its protein re- 
serves (i.e., contractile proteins, enzymes, nervous tissue, etc.) in 
times of fasting and replenish them during feeding. This has obvi- 
ous survival benefits.° 

The final priority is to replenish its limited liver and muscle 
glycogen reserves following a meal. Once these stores are full, any 
excess energy in the form of carbohydrate and protein is converted 


to fat. Muscle glycogen is the most readily available form of en- 
ergy for muscle contraction, especially when intense bursts of 
physical activity are required, and therefore maintaining an ade- 
quate supply of muscle glycogen at all times also has obvious sur- 
vival benefits in times of fight or flight.’ 


METABOLISM DURING FEEDING 


Three mechanisms exist to maintain normoglycemia following car- 
bohydrate ingestion.® They are: (1) suppression of hepatic glucose 
production, (2) stimulation of hepatic glucose uptake, and (3) stim- 
ulation of glucose uptake by peripheral tissues, predominantly 
muscle (Fig. 1-1). Insulin is the primary signal that orchestrates the 
storage and metabolism of glucose.” While glucose is the dominant 
mediator of insulin secretion, stimulation of insulin secretion with 
meals involves coordination of multiple effectors (see Chap. 4). 
This becomes apparent when comparing the insulin response be- 
tween identical amounts of glucose given intravenously versus 
orally.'° Oral glucose raises insulin severalfold higher than compa- 
rable glycemia achieved by giving intravenous glucose. This dif- 
ferential insulin response is due to the secretion of multiple in- 
cretins from the pancreas and gastrointestinal tract [of which 
gastrointestinal peptide (GIP) and glucagon-like peptide (GLP-1) 
appear to be most important], as well as to signals from the central 
nervous system (parasympathetic innervation of the B cells of the 
pancreas) in response to local GI stimulation.'' The incretins and 
neural signals prime the 8 cells so as to increase the release of in- 
sulin following meal-induced increases in blood glucose. This 
“priming” of insulin release is absent when blood glucose in- 
creases as a result of increased hepatic glycogenolysis in response 
to stress, thereby avoiding potentially detrimental hyperinsuline- 
mia under these conditions. 

The rise in portal vein insulin and glucose concentrations in 
conjunction with a reduction in portal vein glucagon concentration 
following a carbohydrate-containing meal suppresses hepatic glu- 
cose production and net hepatic glucose uptake ensues.!? In this 
manner the liver buffers the entry of glucose from the portal vein 
into the systemic circulation and minimizes plasma glucose excur- 
sions, while at the same time promoting glucose storage. Once the 
meal is absorbed and blood glucose retums to baseline, the liver re- 
sumes net glucose production to maintain normoglycemia. De- 
pending on the size of the carbohydrate load, anything from a quar- 
ter to a third of the ingested exogenous glucose load is taken up by 
the liver.'°~'4 It should be emphasized that since the liver is not 
only decreasing its production of glucose, but also taking up a sig- 
nificant amount of glucose, the contribution of the liver to post- 
prandial glucose homeostasis is substantial and approaches that of 
muscle. Glucose taken up by the liver during the meal is predomi- 
nantly stored as glycogen.'* Using 2C NMR spectroscopy to non- 
invasively monitor hepatic glycogen content in humans, recent 
studies have demonstrated that hepatic glycogen stores peak 
4-6 hours following a meal.’ As a result, when meals are in- 
gested at 4- to 6-hour intervals (e.g., breakfast, lunch, and dinner), 
hepatic glycogen increases throughout the day in a stepwise fash- 
ion while most of the glucose required for metabolism is derived 
from exogenous glucose absorption" (Fig. 1-2). Having reached 
its peak at around midnight, hepatic glycogenolysis supplies glu- 
cose for the brain and other glucose-requiring tissues during sleep. 

Recent studies have demonstrated that liver glycogen is synthe- 
sized by both a direct (glucose — glucose-6-phosphate — glucose- 
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FIGURE 1-1. Whole body fuel metabolism in the fed state following a carbohydrate meal. 


1-phosphate — UDP-glucose — glycogen) and an indirect [three- 
carbon units (lactate, alanine, glycerol, pyruvate) — glucose-6- 
phosphate — glucose-1-phosphate + UDP-glucose — glycogen] 
gluconeogenic pathway.'*-”° When a meal is ingested following an 
overnight fast, these pathways contribute roughly equally to hepatic 
glycogen synthesis. However, the relative contribution of these 
pathways appears to depend on many factors, including the compo- 
sition of diet, the level of glycemia achieved during the meal, and 
the relative concentrations of insulin and glucagon. Specifically, a 
high-carbohydrate diet, hyperglycemia, and insulin promote the di- 
rect pathway,”' whereas reduced carbohydrate intake, lower glucose 
levels, and elevations in circulating glucagon stimulate the indirect 
pathway.”?? One of the recent controversies regarding hepatic 
glycogen synthesis has been the source of the three carbon units that 
are used for the indirect pathway of hepatic glycogen synthesis. 
While muscle, skin, and erythrocytes are all potentially important 
sources of lactate and alanine for the indirect pathway of hepatic 
glycogen synthesis, recent studies in dogs and humans have demon- 
strated that following a glucose meal the liver takes up enough glu- 
cose to account for all of the glycogen synthesized by both the direct 
and indirect pathways.'* These observations might be explained by 
either hepatocyte heterogeneity in that periportal cells may be pre- 
dominantly gluconeogenic and perivenous hepatocytes may be pre- 
dominately glycolytic, or by substrate cycling between glycolysis 
and gluconeogenesis within all hepatocytes. Recent studies in rats, 
in which the relative fluxes for glycogen synthesis in periportal and 
perivenous hepatocytes have been examined, are consistent with the 
latter mechanism.”*?° 

Glucose escaping the splanchnic (liver and gut) circulation is 
cleared predominantly by muscle where most is stored as glyco- 
gen. The remaining glucose is metabolized via the glycolytic 
pathway and then is either oxidized or recycled back to the liver as 
three-carbon intermediates. The uptake of glucose into muscle as 
well as adipose tissue is predominantly mediated by a rise in in- 


sulin concentration and to a lesser extent by the mass effect of | 
perglycemia per se. Insulin promotes translocation of the GLU’ 
transporter to the plasma membrane and thereby stimulates glucc 
uptake by muscle and fat.” In addition, insulin modulates 

subsequent metabolism of glucose by increasing the activity 
glycogen synthase,”” thereby promoting glucose storage, and 
increasing the activity of pyruvate dehydrogenase,” thereby 

creasing glucose oxidation as well. 

While adipose tissue typically represents a large component 
the peripheral mass (~12 kg), glucose utilization by adipocytes 
humans represents a relatively small sink for ingested gluco 
There is relatively little de novo free fatty acid synthesis from g 
cose in human adipocytes, likely due to the relative lack of citr 
lyase.*! The glucose that is metabolized by adipocytes does, hc 
ever, serve an important role for triglyceride synthesis in that i 
used to generate a-glycerol phosphate, which is required 
triglyceride synthesis. In times of caloric and carbohydrate exc: 
the liver (which has abundant amounts of citrate lyase) synthesi: 
fatty acids de novo trom glucose, esterifies the fatty acids 
triglyceride, and exports them to the periphery in the form of vı 
low density lipoprotein (VLDL) particles (Fig. 1-3). The trigl: 
eride in VLDL is hydrolyzed by endothelial lipoprotein lipase 
fatty acids. Subsequently, the fatty acids are reesterified and stoi 
as triglyceride in the myocyte and adipocyte. 

The larger the meal, the greater is the rate of glucose uptake 
liver, muscle, and adipose tissue, a phenomenon explained by | 
higher levels of circulating insulin and glucose that are generated. 
contrast, the brain continues to use glucose, its major oxidative fu 
at a constant rate. GLUT-1 and GLUT-3 transporters facilitate br: 
glucose uptake (i.e., transport across the blood-brain barrier a 
into neurons, respectively) independent of insulin (see Chap. 8).* 

While the metabolic changes that follow glucose ingesti 
have been studied extensively, the humoral and substrate respo1 
to protein, fat, and mixed meals have not been as well defined. 
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FIGURE 1-2. Hepatic glycogen concentration time course throughout a day 
in which three identical mixed meals are ingested at: 8:00 am, 1:00 pM. and 
6:00 PM. 
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gested protein in the meal is hydrolyzed by proteolytic enzymes 
and peptidases in the gastrointestinal tract to amino acids, which 
are then actively transported across the gastrointestinal epithelium 
into the portal vein. The absorbed amino acids serve two main 
functions: they can either be oxidized to yield energy or incorpo- 
rated into protein. As protein, amino acids are readily accessible 
to meet later fuel needs, but only at the sacrifice of functioning pro- 
teins. Therefore, it is necessary to eat a sufficient amount of 
protein-containing foods daily in order to maintain whole-body 
protein mass. The liver removes a large fraction of amino acids that 
enter portal blood following a meal, particularly the gluconeogenic 
amino acids. The branched-chain amino acids (leucine, isoleucine, 
and valine) are more likely to escape hepatic extraction and are re- 
moved mainly by muscle.” This is shown by a switch in the net 
balance of amino acids across the muscle bed from a net output 
postabsorptively to a net uptake after feeding. The uptake is most 
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marked for the branched-chain amino acids. As a result, these 
amino acids constitute the main substrate for the immediate reple- 
tion of muscle nitrogen after protein ingestion. In muscle, 
branched-chain amino acids have a unique capacity to directly pro- 
mote net protein accumulation, predominantly by inhibiting pro- 
tein breakdown and to some extent through stimulation of protein 
synthesis.*°** Again, the increased secretion of insulin plays a 
major role in promoting net protein anabolism postprandially when 
the concentrations of amino acids are elevated following protein 
feeding. Recent studies have demonstrated that low-dose insulin 
infusions, recreating the relatively small rise in plasma insulin seen 
with protein ingestion, lower plasma amino acid concentrations in 
fasted humans and decrease the rate of net amino acid release from 
muscle.” This is accompanied by suppression of the rate of whole- 
body and muscle protein degradation.**“° Whole-body protein 
synthesis, measured as the nonoxidative disposal of leucine, does 
not increase,**“’ nor does muscle protein synthesis.*”*! As a result, 
the improved body and muscle nitrogen balance that accompany 
even modest increases in plasma insulin per se can be attributed to 
a specific action of insulin to retard proteolysis. Though no in- 
crease in overall protein synthesis has been seen either in the whole 
body, muscle, or splanchnic tissue in response to physiologic in- 
creases in plasma insulin, almost certainly the synthesis of some 
proteins will have been induced while that of others is repressed. It 
is noteworthy, however, that the combined presence of hyperinsu- 
linemia and hyperaminoacidemia as is seen during protein feeding 
not only blocks proteolysis but also stimulates protein synthe- 
sis.*** Carbohydrate in a mixed meal, along with protein, further 
augments insulin secretion beyond the effect of protein alone. This 
can further facilitate uptake of amino acids by muscle and enhance 
protein anabolism. It is noteworthy that some amino acids (e.g., 
arginine and leucine) are strong insulin secretagogues and after 
protein meals are ingested, insulin release is stimulated, even when 
the meal is lacking carbohydrate. Under these conditions glucagon 
plays a critical biological role in preventing potential hypo- 
glycemia by maintaining hepatic glucose production in the face of 
hyperinsulinemia.” 

Finally, with regard to fat metabolism, insulin has three major 
anabolic actions that combine to promote net triglyceride accumu- 
lation in adipose tissue (Fig. 1-3). Following a fat-containing meal, 
the triglyceride is hydrolyzed to free fatty acids by lipases in the 
duodenum, absorbed in the small intestine, and reesterified into 
chylomicron triglyceride, which then enters the systemic circula- 
tion via the lymphatics. Insulin, secreted in response to the carbo- 
hydrate and/or protein components of the meal, stimulates lipopro- 
tein lipase (LPL) activity and promotes fat and muscle storage of 
both exogenously derived triglyceride as well as that produced en- 
dogenously.”* LPL in the capillary endothelium hydrolyzes triglyc- 
erides in chylomicrons and VLDL to free fatty acids, which are 
then transferred to the adipocyte for reesterification into triglyc- 
eride. This effect is complemented by insulin’s potent inhibitory ef- 
fect on hormone-sensitive lipase within the fat cell. This lipase nor- 
mally catalyzes the hydrolysis of stored triglyceride. By this dual 
mechanism insulin markedly decreases plasma free fatty acid con- 
centrations and stores fat. Finally, insulin stimulates glucose uptake 
into the adipocyte by stimulating GLUT-4 translocation from the 
cytoplasm to the plasma membrane, in a fashion similar to that 
which occurs in the myocyte. Alpha-glycerophosphate formed 
from glucose is required for the reesterification of fatty acids into 
triglyceride. Adipocytes lack glycerol kinase and therefore, unlike 
liver and kidney, are unable to phosphorylate glycerol directly.” 
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FIGURE 1-3. Fat metabolism in the fed state following a fat-containing mixed meal (top panel) and in the fasted 


state (bottom panel). 


Thus, following a meal, insulin is the primary hormonal factor 
that controls the storage and metabolism of ingested metabolic 
fuels. Under conditions of mixed meal ingestion when substrate is 
available in the form of glucose, amino acids, and free fatty acids, 
an increase in plasma insulin concentration will augment their net 
storage as glycogen, protein, and fat, respectively. This is accom- 
plished by the inhibition of glycogenolysis, proteolysis, and lipoly- 
sis as well as by facilitating the incorporation of substrates into 
storage depots. It is noteworthy that the dose-response relation- 
ships are such that the processes involving breakdown of energy 
stores are much more sensitive to insulin than those involved with 
energy accumulation. Thus, small meals (associated with smaller 
insulin responses) serve mainly to conserve depots by affecting 
breakdown, whereas larger meals (and concomitant greater insulin 
responses) are generally required for the direct stimulation of stor- 
age mechanisms. 


METABOLISM AFTER AN OVERNIGHT FAST 


The period after an overnight fast and preceding the ingestion of 
the morning meal serves as a useful reference point because it rep- 
resents the period of transition from the fed to the fasted state. At 
this time the concentrations of insulin, glucagon, and metabolic 
substrates that were altered by meal ingestion during the preceding 
day have returned to baseline, and a relative steady state ensues in 
which the rate of fuel consumption is closely matched by the re- 
lease of endogenous fuels from storage depots (Fig. 1-4). 

After an overnight fast, the decline in circulating insulin leads 
to a marked decrease in glucose uptake by peripheral insulin- 
sensitive tissues (e.g., muscle) and a shift toward the use of free 


fatty acids by these tissues that are mobilized from fat stores. N. 
ertheless, the average adult continues to consume glucose at ar 
of 7-10 g/h. Total body stores of free glucose, which exist mos 
in the extracellular space, amount to only 15-20 grams or ab: 
2 hours’ worth of glucose fuel. However, it is even less than tha 
one takes into consideration a more physiologic excursion go 
from a fasting plasma glucose concentration of ~90 mg/dL to ~ 
mg/dL, the lowest level of plasma glucose that allows normal br 
function. Thus the maintenance of circulating glucose concent 
tion in the face of this ongoing glucose use, particularly by 

brain, requires that glucose be produced at rates sufficient to ma 
its ongoing consumption. Here again, insulin is the key regulator 
the transition from the fed to fasted state, and as in the fed state 
liver is at the center of this adaptive mechanism. Four to five ho 
after a meal (perhaps longer for a very large meal), the liver beg 
to break down its stores of glycogen and release it as free gluco 
This is accomplished by virtue of a reduction in circulating insu 
and is supported by the presence of glucagon in the portal circulati: 
Both the liver and kidney contain significant amounts of glucose 
phosphatase, and therefore they are the only organs capable of 
leasing significant amounts of glucose derived from glycogenoly 
or gluconeogenesis into the bloodstream. Muscle tissue, wh 
comprises ~25~30% of body mass and contains most of the bod 
reserves of glycogen (~300 grams versus ~100 grams in li 
under fed conditions), lacks glucose-6-phosphatase and therefi 
is incapable of directly contributing to the maintenance of plas 
glucose concentration. 

The hepatic processes that provide most of the glucose neec 
to meet whole-body glucose requirements consist of glycogeno 
sis and gluconeogenesis. Recent human C NMR studies hi 
demonstrated that net hepatic glycogenolysis and gluconeogene 
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FIGURE 1-4. Whole-body fuel metabolism in the postabsorptive state. 


contribute about 50% each to rates of whole-body glucose produc- 
tion during the first several hours of a fast.***’ This relatively high 
level of gluconeogenic activity early in a fast is consistent with 
other recent studies demonstrating the importance of the gluco- 
neogenic (indirect) pathway for repletion of hepatic glycogen. This 
suggests that gluconeogenesis is a life-sustaining process that is 
never completely suppressed, and that when an individual ingests a 
meal, gluconeogenic flux is directed into hepatic glycogen stores 
(indirect pathway) along with contributions from the direct path- 
way. Once the meal is absorbed, the gluconeogenic flux is redi- 
rected toward hepatic glucose delivery. 

In the first several hours of a fast the brain consumes more than 
half (~4-5 g/h) of the glucose produced by the liver, which 
amounts to about 180 g/d. Other obligate anaerobic tissues consist- 
ing of the formed elements of blood (erythrocytes, leukocytes, and 
bone marrow) and the renal medulla metabolize glucose but con- 
vert it primarily to lactate and pyruvate, which recycle back to the 
liver to form glucose (Cori cycle). About 20% of the glucose uti- 
lized daily in this cycle is remade into glucose. It is noteworthy that 
neither the Cori cycle nor the glucose-alanine cycle in muscle (see 
below) yields new carbon skeletons for de novo glucose synthesis. 
Rather, they serve an important role for energy and nitrogen (glu- 
cose-alanine cycle) transfer between muscle and liver. Operation of 
these cycles allows the transfer of energy from the liver to the pe- 
ripheral tissues. The energy for glucose synthesis derived from ox- 
idation of fat in the liver is delivered to the peripheral tissues, where 
the energy is gained from the metabolism of glucose to lactate. 

After an overnight fast the body is in negative nitrogen bal- 
ance; i.e., the rate of whole-body protein degradation exceeds the 
rate of whole-body protein synthesis. The amino acids that furnish 
the nitrogen, measured as urinary nitrogen loss, arise principally 
from muscle and splanchnic tissues. Organ balance studies” in 


overnight-fasted humans have shown that muscle, which represents 
the major reservoir of body protein, like the whole body, is in neg- 
ative nitrogen balance as reflected by a net loss of both essential 
and total amino acids. The splanchnic bed removes many of these 
amino acids, especially alanine and other gluconeogenic amino 
acids. Yet despite removing nitrogen from the circulating plasma, 
splanchnic tissues themselves are in negative protein balance. In- 
deed, the observed net loss of tissue protein mass is more dramatic 
from the liver in animals undergoing fasts of short duration.** 

As a result of the uptake of gluconeogenic amino acids by the 
splanchnic bed, there is a net transfer of amino acid carbon and ni- 
trogen to liver. This provides carbon for gluconeogenesis and net 
glucose production by the liver, and nitrogen for ureagenesis. Ala- 
nine and glutamine are particularly important in this process. They 
are released from muscle in amounts (~50% of total amino acid re- 
lease) that significantly exceed their representation in muscle tissue 
proteins (~10-13% of total amino acid residues in muscle pro- 
tein). Alanine is produced in muscle by transamination of pyruvate 
derived from glucose and the catabolism of other muscle-derived 
amino acids (e.g., branched-chain amino acids). Glutamate is pro- 
duced by transamination of a ketoglutarate supplied by the TCA 
cycle, and glutamine is produced by the action of glutamine syn- 
thase adding a second amino group to glutamate.” The intestine 
uses some of the glutamine taken up by the splanchnic bed as an 
oxidative fuel.°° The amino groups are released into portal blood 
either as alanine or ammonia. On a molar basis, alanine is the prin- 
cipal amino acid taken up by the liver. Within the postabsorptive 
liver, alanine carbon is principally converted to glucose. As the ala- 
nine carbon backbone is essentially derived from glucose in pe- 
ripheral tissues, a metabolic “glucose-alanine cycle” operates be- 
tween the liver and periphery, analogous to the Cori cycle. The 
glucose-alanine cycle provides a nontoxic alternative to ammonia 
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for transfer of amino acid groups derived from muscle amino acid 
catabolism to the liver for conversion to urea. Glutamine is re- 
moved by the kidney, as well as by the liver and gut. In the kidney 
it serves a dual purpose of supplying carbon for renal gluconeoge- 
nesis and amino groups for ammoniagenesis. The latter process is 
of particular importance in maintaining body acid-base balance 
during fasting.*'** Combined, alanine and glutamine account for 
more than 40% of the amino acid carbon provided to the splanch- 
nic organs and kidneys for use in glucose production. 

Finally, the fall in insulin levels after an overnight fast permits 
the release of free fatty acids and glycerol from fat stores (Fig. 1-3). 
This response appears to be more pronounced in visceral than pe- 
ripheral fat depots (see Chap. 26). While the rate of lipolysis and 
magnitude of the decline in insulin is of sufficient magnitude to 
supply extracerebral tissues such as muscle, heart, and liver with 
free fatty acids and hepatic tissues with glycerol for gluconeogene- 
sis, these changes are not of sufficient magnitude to stimulate 
appreciably the rate of hepatic conversion of free fatty acid to 
ketones. 


EARLY ADAPTATION TO STARVATION 


Since the glycogen stores in the liver are typically limited to ap- 
proximately 70 grams after an overnight fast, while glucose utiliza- 
tion occurs at a rate of approximately 7—10 g/h, hepatic glycogen 
stores are largely dissipated early in the course of fasting.*”** Thus 
the initial phase of starvation is characterized by a relative increase 
in the rate of gluconeogenesis in order to meet the ongoing tissue 
demands for glucose (mainly from the central nervous system). 
The dependence of glucose production on protein stores is re- 
flected by an increase in urinary nitrogen excretion in the early 
phase of starvation. During the first 24 hours of a fast, urinary ni- 
trogen excretion averages 4-7 g/m” in the absence of nitrogen in- 
take.’ This amounts to approximately 50-75 grams of protein (~ 1 g 
N/6.25 g protein) for the average 70-kg person. Similar results are 
obtained using isotopic tracer methods to estimate total body rates 
of protein oxidation.” Therefore, regardless of whether simple uri- 
nary nitrogen balance is measured or a tracer method is used, the 
results suggest that about 50 grams of protein are oxidized in the 24 
hours following a meal. Since the tissue protein content does not 
exceed 20% by weight for any tissue, 50-75 grams of protein 
translates into 250-375 grams of tissue or the equivalent of /2—*/ 
pound of lean body mass lost on the first day of a fast. 

The increase in gluconeogenesis is mediated by adaptations in 
both hepatic and peripheral insulin-responsive tissues. In muscle, 
the release of alanine and other glycogenic amino acids increases in 
conjunction with an acceleration of proteolysis.™ At the same time 
the rate of hepatic conversion of gluconeogenic amino acids into 
glucose is augmented." The increase in glucose synthesis from 
amino acids is not, however, solely due to increased precursor avail- 
ability, since plasma levels of alanine and other glycogenic amino 
acids decline."® Taken together, these observations suggest that in- 
trahepatic gluconeogenic mechanisms are stimulated as well, 
which enhances the efficiency of this process. Recent data suggest 
that peroxisome proliferator activated receptor a (PPARq) and the 
transcriptional coactivator PGC-1 are likely important factors me- 
diating the adaptive response of liver during fasting.*”** An addi- 
tional factor contributing to glucose homeostasis is the increased 
release of fatty acids and glycerol from triglyceride stores in adi- 
pose tissue and muscle due to activation of hormone-sensitive li- 
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pase. The increased availability of glycerol provides the liver w 
an additional substrate for gluconeogenesis. The increased av: 
ability of fatty acids to peripheral tissues limits glucose transp 
into skeletal muscle, thus preserving glucose for the central nervc 
system and other obligate glucose-utilizing tissues and diminishi 
the demands for gluconeogenesis and proteolysis. Early in vi 
studies found that fatty acids reduced insulin-stimulated glucc 
uptake in isolated cardiac myocytes through a reduction in pyruv; 
dehydrogenase activity, resulting in an increase in intracellular ¢ 
rate concentrations and inhibition of hexokinase activity.” Mc 
recent studies in humans have found that fatty acids cause insu 
resistance in skeletal muscle by directly interfering with insulin ; 
tivation of glucose transport activity.°'? Recent data suggest tl 
this is likely occurring through fatty acid activation of a serii 
threonine kinase cascade, leading to increased serine phosphory 
tion of IRS-1/IRS-2, which in turn leads to decreased IRS- HIRS 
tyrosine phosphorylation and decreased activation of phosphatid 
inositol 3-kinase, a necessary step for insulin-stimulated glucc 
transport in skeletal muscle.™ This fatty acid-induced decrease 
insulin-stimulated glucose metabolism, while protective under fa 
ing conditions, plays an important pathologic role in mediating | 
insulin resistance associated with obesity and type 2 diabetes. 

At the same time, the fatty acids in the circulation are also < 
livered to the liver where they generate energy by undergoing B « 
idation. This is accomplished by a fall in the insulin/glucagon ra 
in the portal circulation, which inhibits acetyl CoA carboxyla 
thereby decreasing intracellular malonyl CoA concentratio: 
which in tum activates carnitine palmity] transferase, thereby pi 
moting mitochondrial fatty acid oxidation™ (see Chap. 2). In t 
way both the increase in supply of fatty acids and the activation 
enzymes of the fat oxidation pathway are synchronized. Thus o 
dation of fatty acids by muscle spares glucose for use by the cent 
nervous system, whereas their oxidation by the liver serves to ac 
vate gluconeogenesis by furnishing the energy and reducing pov 
required for glucose synthesis. 

The metabolic adaptations in the early stages of starvati 
(namely increased gluconeogenesis, proteolysis, and lipolysis) < 
incide with and are mainly orchestrated by a decline in insulin : 
cretion below levels seen in the overnight fasted condition, as w 
as by a modest increase in portal vein glucagon concentrations 
Insulin deficiency promotes all aspects of the metabolic respon 
whereas the effect of glucagon is confined to the liver. Specifical 
the decline in insulin promotes protein and fat breakdown and tk 
the delivery of gluconeogenic amino acids from muscle and gly 
erol from fat stores to the liver, while the activation of intrahepa 
gluconeogenic processes is promoted by both the rise in glucag 
and fall in insulin in the portal circulation. Hypoinsulinemia furtt 
contributes to glucose homeostasis by reducing glucose metaboli: 
by extracerebral tissues (e.g., muscle) and by increasing the avz 
ability of fatty acids for oxidative metabolism by muscle and liv 
and ketones for muscle and the central nervous system (Fig. 1-5) 


TRANSITION FROM BRIEF 
TO PROLONGED FASTING 


As the duration of fasting progresses, the body shifts from utili: 
tion of protein for gluconeogenesis to utilization of fat for ketoge 
esis and the brain shifts from oxidation of glucose to oxidation 
B-hydroxybutyrate and acetoacetate to meet most of its energy 

quirements*™ (Fig. 1-5). From examination of the potential ener 
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FIGURE 1-5. Whole-body fuel metabolism in the fasted state. 


stores (Table 1-1) it is clear that a fasting human could survive for 
only a few weeks if he/she was totally dependent on protein utiliza- 
tion to meet whole-body energy as well as glucose requirements, 
and therefore a major reduction in nitrogen metabolism must take 
place in order to allow for prolonged survival.*© This alteration in 
substrate utilization is reflected in urea and ammonia excretion data 
in humans undergoing a prolonged fast; in these subjects urea ex- 
cretion decreases from 10-15 g/d during the initial days of a fast to 
less than 1 g/d after 6 weeks of fasting.’ Since urea is the major 
osmolyte in the urine that requires excretion, this reduction in urea 
production lessens the amount of obligatory water excretion and 
therefore decreases the daily water requirement during a prolonged 
fast. The increase in ketone production by the liver, together with 
the capacity of the brain to utilize the increased levels of ketones in 
the circulation, permits humans to extend their survival time during 
a prolonged fast from weeks to months as long as an adequate 
water supply and fat stores are available.©* During this transition 
the liver decreases its rate of gluconeogenesis, mostly due to dimin- 
ished substrate delivery,°’ while the kidney increases its contribu- 
tion, which may reach as much as 40% of whole-body glucose pro- 
duction.” The latter most likely represents an adaptive process that 
allows the body to handle the excess protons generated from fat ox- 
idation. Under these conditions the excess protons are converted to 
ammonia in the kidney and excreted in the urine. In fact, previous 
studies have shown increased renal gluconeogenesis during acido- 
sis and a strong correlation between ammoniagenesis and gluco- 
neogenesis.°” During the first few weeks of a fast, plasma alanine 
levels fall markedly to less than one-third of postabsorptive concen- 
trations due to a marked fall in muscle alanine release”? (Fig. 1-6). 
This amino acid as well as lactate are the principal substrates for 
hepatic gluconeogenesis. The fact that substrate availability is lim- 


iting for gluconeogenesis during a prolonged fast has been demon- 
strated by a rise in plasma glucose concentration following an infu- 
sion of small amounts of alanine under these conditions.”° 

In contrast to alanine, the plasma levels of fatty acids double in 
the first 3-7 days of fasting, after which they remain stable" 
(Fig. 1-6). The increased delivery of fatty acids to the liver facili- 
tates a marked acceleration of hepatic ketogenesis that occurs in the 
first few days of fasting (see Chap. 2). Peak rates of ketone produc- 
tion (approximately 100 g/d) are achieved by the third day, and are 


FIGURE 1-6. Time course for substrates (glucose, alanine, free fatty acids, 
B-hydroxybutyrate, acetoacetate) and urea nitrogen excretion during a pro- 
longed fast. 
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maintained thereafter. Despite relatively stable rates of ketone 
production by the liver, the circulating levels of ketoacids continue 
to rise throughout the next few weeks as their extraction by periph- 
eral tissues progressively declines.’' As a result, the central nervous 
system is supplied with an increasing supply of these water-soluble 
fat-derived substrates, which eventually account for over one-half 
of the brain’s energy requirements.’ The following sequence of 
events is orchestrated by the accompanying changes in insulin and 
glucagon concentrations produced during fasting: (1) accelerated 
delivery of fatty acids from adipose tissue; (2) increased hepatic 
oxidation of the fatty acids delivered from the circulation, which 
leads to the formation of keto acids (“ketogenic capacity”); and 
(3) a reduction in the removal of ketones by peripheral tissues. "7? 
Hypoinsulinemia activates each of these steps, whereas glucagon 
plays a key role by enhancing the ketogenic capacity of the liver. In 
this way ketones ultimately supplant the brain’s dependency on 
glucose and thus provide a means of limiting the brain’s gluco- 
neogenic demands, thereby preserving protein stores, a factor criti- 
cal for survival. In addition, the metabolism of ketones can provide 
a Significant proportion of the energy demands of other body tis- 
sues, especially the heart and skeletal muscle.* It has been sug- 
gested that the use of such lipid-derived fuels during prolonged 
starvation may be directly linked to the conservation of body pro- 
tein stores;’* however, the precise mechanisms underlying protein 
sparing in the face of hypoinsulinemia remain to be elucidated. As 
the fast progresses and fat stores are depleted, leptin levels also de- 
crease, which serves as another protective signal to the body.” This 
decrease in leptin concentration has a profound effect on neuroen- 
docrine function and the gonadal axes, which results in a decrease 
in LH/FSH oscillations and anovulation. In this way nature protects 
the starving mother from the additional nutritional demands associ- 
ated with pregnancy in times of famine. 

In summary, the body has evolved powerful adaptive mecha- 
nisms that ensure an adequate substrate supply in the form of glu- 
cose and ketones to the brain at all times, including times of pro- 
longed fasting, to ensure adequate CNS function. Even under the 
most strenuous conditions of a prolonged fast, humans do not ex- 
perience loss of consciousness from decreased substrate supply to 
brain. Instead, death under these conditions typically occurs when 
fat stores are depleted and protein breakdown is of sufficient mag- 
nitude to cause severe respiratory muscle protein wasting, which in 
turn leads to atelectasis and terminal pneumonia.” 


ENERGY METABOLISM DURING AND 
FOLLOWING RECOVERY FROM EXERCISE 


Muscle energy requirements during intense exercise can increase 
by over 10-fold. This increased energy demand is met by mobiliz- 
ing energy stores locally from muscle glycogen and triglyceride, as 
well as systemically from liver glycogen and adipose tissue triglyc- 
eride (see Chap. 31). Depending on the intensity of the activity, 
these substrate supplies are used in differing amounts. If the power 
demands are great (e.g., running a sprint), anaerobic metabolism of 
muscle glycogen meets the need for rapid supply of energy, 
whereas if the power requirements are low, such as when jogging, 
most of the energy requirements are met by oxidation of fat and 
glucose derived from the circulation. Overall, muscle derives two 
molecules of ATP for every molecule of glucose from muscle 
glycogen or glucose that is glycolyzed to lactate, and ~8 mole- 
cules of ATP when glucose is metabolized to pyruvate and con- 
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verted to alanine. While anaerobic metabolism of glucose by m 
cle produces only a fraction of the 38 molecules of ATP genera 
when glucose is completely oxidized, it has the major advantage 
being able to provide energy more quickly to meet the increa; 
metabolic demands of an intense workload even before oxyg 
glucose, or fatty acid delivery from blood increases. However, ¢ 
its inherent inefficiency muscle glycogen stores are rapidly ı 
pleted by even brief periods of anaerobic metabolism, limiting t 
type of activity to providing short bursts of energy. 

During aerobic exercise of longer duration, glycogenolysis ¢ 
gluconeogenesis in the liver supply sufficient glucose to the mus 
to account for approximately 40% of the increase in fuel consun 
tion with free fatty acids providing the remainder.’””* As 
duration of exercise lengthens, glucose utilization by the mus 
declines and fatty acid oxidation progressively increases, becomi 
the dominant oxidative fuel. Glucose uptake by exercising mus 
can increase 7- to 40-fold; however, circulating glucose rema 
relatively stable with hepatic glucose production rising to match 
increased need. An increase in portal vein glucagon concentrati 
in conjunction with a decline in portal vein insulin concentratior 
the main signal for this increased hepatic glucose productior 
Studies performed in exercising, hepatically denervated dogs st 
gest that activation of the sympathetic nervous system is not essi 
tial for the maintenance of accelerated rates of glucose producti 
during exercise." The increase in muscle glucose uptake is acco 
panied by an exercise-induced translocation in GLUT-4 transpor 
from the cytoplasm to the plasma membrane that is insulin in 
pendent?"”? and likely mediated by activation of AMP kinase. 
As liver and muscle glycogen stores are typically depleted afte 
few hours of exercise, with time hepatic gluconeogenesis becon 
more important for maintaining these high rates of hepatic gluc 
production. Alanine and lactate derived from the glucose-alan: 
cycle and the glucose-lactate cycle provide substrate for this 
creased hepatic gluconeogenesis.” In addition, these cycles p' 
an important role in redistributing glycogen from resting muscle 
exercising muscle during and after prolonged exercise. After p 
longed arm exercise, release of lactate by leg muscle is six- to sı 
enfold greater than in the preexercise basal state.** Similarly, af 
leg exercise, output of lactate by forearm muscle increases.”° Thi 
studies suggest that the glucose-lactate cycle redistributes glycog 
from resting muscle to fuel those muscles in use during prolong 
exercise.*’” During recovery, muscle glycogenolysis and lactate 
lease from previously resting muscle continue and lactate is cyc. 
to the liver where it is converted to glucose so it can be sub 
quently taken up by recovering muscle, thereby replenishing gly: 
gen stores in previously exercised muscle.*”** In this way the bc 
ensures an adequate supply of emergency fuel for the next fight- 
flight response. 


IMPACT OF DIABETES ON FUEL HOMEOSTASIS 


The metabolic derangements associated with diabetes largely 
flect the magnitude of the deficiency in insulin concentrati 
and/or insulin action present. Mild deficiency leads to an impé 
ment in the capacity to effectively increase the storage of inges! 
fuels (e.g., postprandial hyperglycemia), whereas in its most sew 
form the deficiency causes a marked acceleration of catabc 
processes, including gluconeogenesis, lipolysis, ketogenesis, a 
proteolysis. In the latter circumstance, the catabolic state in | 
hyperglycemic patient with insulin-dependent diabetes actua 
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resembles that seen in starving nondiabetic subjects with reduced 
glucose levels and thus may be viewed as a state of accelerated 
starvation. This should not be surprising considering that the hor- 
monal milieu of diabetes and starvation share common features, 
namely, insulin deficiency in conjunction with relative or absolute 
glucagon excess. 


Fed State 


As reviewed earlier, the ingestion of glucose triggers a variety of 
homeostatic responses in nondiabetic subjects (suppression of he- 
patic glucose production, stimulation of glucose uptake by hepatic 
and peripheral tissues), all of which serve to minimize the rise in 
circulating glucose concentrations. Because these responses are to 
a large extent dependent on insulin action, diabetes, even in its 
mildest forms, is invariably accompanied by postprandial hyper- 
glycemia. 

In diabetic patients who retain some capacity for endogenous 
insulin secretion [e.g., type 2 diabetes mellitus (T2DM)], postpran- 
dial hyperglycemia is closely related to the fasting glucose level 
and is accounted for both by a delay in the suppression of endoge- 
nous??? and by an impaired ability of peripheral tissues to remove 
the glucose released from the splanchnic bed, reflecting defects in 
insulin action in both hepatic and peripheral tissues”™?? (see Chaps. 
24 and 25). However, the magnitude of the postprandial glucose 
excursion is generally less pronounced in TZ2DM compared to that 
seen in untreated type 1 diabetes mellitus (TI1DM) patients who 
lack functioning B cells. The absence of an insulin portal- 
peripheral gradient in T1DM leads to a more severe derangement, 


particularly at the level of the liver, which is manifest by a gross 
defect in suppression of hepatic glucose production following glu- 
cose ingestion.” Moreover, the liver of the patient with T1DM fails 
to appropriately take up glucose in response to a rising circulating 
glucose level. This is manifest by a severe defect in the capacity of 
the liver to store glucose as glycogen following meal ingestion as 
has recently been demonstrated by NMR spectroscopy in TIDM 
patients.'’ This increases delivery of glucose to peripheral tissues, 
where the capacity of muscle (and adipose) tissue to remove glu- 
cose is also severely compromised by the lack of an insulin secre- 
tory response, as well as by the development of impaired insulin 
action resulting from chronic insulin deprivation and hyper- 
glycemia (glucose toxicity).?*°* The multifaceted nature of the dis- 
turbance (i.e., liver plus periphery) in the TIDM patient leads to a 
gross defect in the efficiency of metabolic glucose disposal. The re- 
sulting hyperglycemia is partially “compensated” for by increased 
renal glycosuria. 

The diabetic state also leads to impaired metabolic handling of 
ingested protein and fat. After protein ingestion, postprandial ele- 
vations of circulating amino acids are exaggerated in TIDM pa- 
tients, mainly due to increased levels of branched-chain amino 
acids.” This is largely due to a reduction in the net uptake of 
branched-chain amino acids by muscle tissue, a finding consistent 
with the known capacity of insulin to inhibit the release of 
branched-chain amino acids from muscle.*’*” Protein feeding also 
alters glucose homeostasis in insulin-deficient TIDM subjects due 
to amino acid stimulation of glucagon release that is not matched 
by an increase in portal vein insulin. As a result hepatic glucose 
production, and in turn plasma glucose, increases. Finally, the in- 
gestion of fat-containing foods may lead to increased or prolonged 


FIGURE 1-7. Whole-body fuel metabolism in diabetic ketoacidosis. 
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elevations of plasma triglycerides in both T2DM and TIDM 
patients because of defective triglyceride removal (see Chap. 47). 
This is because the disposal of exogenous triglycerides (packaged 
in chylomicrons) is mediated by the activity of the insulin-sensitive 
enzyme lipoprotein lipase.” The alteration in triglyceride removal 
is most evident during ingestion of mixed meals, when the discrep- 
ancies between insulin levels in nondiabetic and diabetic individu- 
als are most pronounced. Taken together, these observations sug- 
gest that the scope of the metabolic disorder associated with insulin 
deficiency or deficient insulin action during feeding may not be 
restricted to glucose intolerance, but may involve protein and fat 
intolerance as well. 


Fasted State 


The presence of relative or absolute insulin deficiency after an 
overnight fast leads to an elevation of circulating glucose levels in 
the basal state. In patients with T2DM, fasting insulin concentra- 
tions may be normal or even elevated, but only because of insulin 
resistance and at the expense of fasting hyperglycemia. In such pa- 
tients, hepatic glucose production is generally elevated in propor- 
tion to the magnitude of the hyperglycemia.” In patients with 
TIDM, portal insulin deficiency is more pronounced and this, in 
conjunction with ongoing glucagon secretion, consistently in- 
creases hepatic glucose production (see Chap. 7). Because glucose 
uptake in the fasting state mainly takes place in non-insulin- 
sensitive tissues (e.g., the brain), total body glucose uptake actually 
tends to be increased (due to the mass action effect of hyper- 
glycemia), underscoring the key role of the liver in determining the 
fasting glucose level in diabetes. 

Increased rates of hepatic glucose production in both T2DM 
and T1DM can be attributed to increased rates of gluconeogenesis,”° 
which may be due to both intrahepatic mechanisms and increased 
substrate delivery through recycling of gluconeogenic precursors 
(e.g., lactate, alanine, and glycerol).”'°*’ The former changes can 
be mostly attributed to decreased portal vein insulin:glucagon ra- 
tios, whereas the latter changes are to a large extent attributable to 
accelerated fat mobilization. Insulin deficiency leads to the genera- 
tion of glycerol from activation of lipolysis that is used by the liver 
for gluconeogenesis and to the generation of free fatty acids, which 
impair glucose oxidation in muscle, thereby promoting the recy- 
cling of lactate and pyruvate to the liver.®' 

In the extreme situation of complete B-cell failure, an ever- 
increasing fasting plasma glucose concentration fails to elicit a se- 
cretory response (Fig. 1-7). This hyperglycemia, glycosuria, and 
volume depletion stimulate the secretion of a variety of counterreg- 
ulatory hormones (glucagon, catecholamines, growth hormone, 
and cortisol), which greatly augment hepatic gluconeogenesis and 
ketogenesis, which in turn result in glucose and ketone overproduc- 
tion.™ (see Chap. 9). Under these conditions, the breakdown of 
protein and triglyceride stores is dramatically increased, leading to 
the accelerated delivery of amino acids, lactate, glycerol, and free 
fatty acids to the liver, where under the influence of hyper- 
glucagonemia and increased free fatty acid oxidation they are rap- 
idly converted to glucose and ketones. Because of the combined ef- 
fects of hypoinsulinemia and insulin resistance produced by the 
elevated levels of counterregulatory hormones, compensatory in- 
creases in glucose removal (other than renal) virtually cease.'%'”! 
The clinical correlate of this sequence of events is profound hyper- 
glycemia and hyperketonemia, as is observed in diabetic ketoaci- 
dosis (see Chap. 34). 
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CHAPTER 2 


Ketogenesis 


J. Denis McGarry 
Daniel W. Foster 


PHYSIOLOGICAL AND CLINICAL OVERVIEW 


In the normal, fed state the ketone bodies, acetoacetic acid and 
3-hydroxybutyric acid, play little role in body metabolism. Produc- 
tion rates by the liver and plasma concentrations are low. The pri- 
mary circulating substrates are diet-derived glucose and mobilized 
free fatty acids (FFA). On the other hand, if food is unavailable, the 
ketones rapidly take on major importance as an alternative energy 
source, particularly for the brain.' It is a peculiarity of the central 
nervous system that it cannot use plasma FFA as a metabolic fuel, 
in contrast to most other tissues in the body. Because the great bulk 
of stored energy is in the form of triglyceride contained in the adi- 
pose tissue mass (and because reserve stores of carbohydrate in the 
form of glycogen are extremely limited, sufficient to sustain energy 
needs for less than 24 hours), it follows that a mechanism to con- 
vert fat into a form of substrate the brain can use for energy is crit- 
ical. The process involved is ketogenesis, the conversion of long- 
chain fatty acids into acetoacetate and 3-hydroxybutyrate by the 
liver. These four-carbon substrates protect the central nervous sys- 
tem in two ways, one directly and the other indirectly. Directly, the 
brain oxidizes the ketoacids so efficiently that normal function is 
unimpaired even in the face of plasma glucose levels sufficient to 
cause sweating, nervousness, chest pain, and mental confusion, 
provided plasma ketone concentrations are in the low millimolar 
range. Indirectly, acetoacetate and 3-hydroxybutyrate are used 
effectively in a variety of other tissues (together with FFA), pre- 
empting their need for glucose and thereby conserving the hexose 
for use by the brain.” It is clear, therefore, that the primary utility 
of ketogenesis is to provide universally oxidizable substrate for 
energy purposes. 

Two other functions of the ketoacids have also received atten- 
tion. On the basis of the observation that infusion of 3-hydroxybu- 
tyrate results in diminished urinary nitrogen loss in starved 
humans, it has been widely assumed that the ketones somehow 
limit muscle breakdown, thereby providing protection against the 
deleterious effect of a prolonged negative nitrogen balance. Two 
mechanisms have been assumed. First, by limiting demands for 
glucose as described previously, the drive for gluconeogenesis 
(which of necessity is fueled by muscle amino acids) is diminished. 
Second, ketone bodies have been thought to have a direct in- 
hibitory effect on proteolysis in muscle. However, it has been 
shown that although sodium acetoacetate diminishes amino acid 
release from muscle, free acetoacetic acid does not. Because 


sodium bicarbonate sufficient to produce the same alkalinizi 
effect as sodium acetoacetate also diminishes amino acid release. 
may turn out that the anions derived from the ketoacids have 
regulatory effect on muscle breakdown. The only other knov 
function of acetoacetate and 3-hydroxybutyrate is as precursors { 
lipid synthesis in the cerebral tissue of neonates.’ 

Although the increased production of acetoacetate a 
3-hydroxybutyrate that characterizes starvation is a benefic 
adaptive response, larger accumulations of ketones are dangerot 
This is because they are powerful organic acids capable of prodr 
ing a profound metabolic acidosis. This point is illustrated by t 
fact that untreated diabetic and alcoholic ketoacidoses, the maj 
pathologic ketotic states, are potentially fatal illnesses. The physi 
logical ketosis of fasting or prolonged starvation, on the ott 
hand, never progresses to a life-threatening acidosis. The path 
logic transition is prevented by the presence of an intact pancrea 
B cell (Fig. 2-1). When plasma FFA and ketone concentrations ri: 
there is a modulation of free fatty acid mobilization from adipo 
tissue. The major mechanism is probably a fatty acid and ketor 
induced stimulation of insulin release from the pancreas, whi 
serves to attenuate lipolysis,** although a direct antilipolytic effe 
of ketone bodies on the adipocyte has also been postulated. In a 
event, ketogenesis is limited because of insufficient fatty acids 
allow maximal rates of ketone production in the liver; thus a met 
bolic acidosis does not occur. 

In the sections that follow, current understanding of the mec 
anisms by which ketogenesis is controlled will be discussed 
some depth. Because the system is complicated, it may be helpi 
to give a brief anticipatory summary at this point. Details w 
subsequently be added. 

It has already been pointed out that the substrate for keto 
body formation is long-chain fatty acids. These fatty acids are or 
narily derived from adipose tissue but can also arise from hepa 
triglycerides. For practical purposes (in the absence of certe 
inborn errors of amino acid metabolism such as maple syrup uri 
disease), accelerated ketone body production does not occur unle 
the rate of FFA delivery to the liver is increased. On the other har 
increased fatty acid delivery alone is not sufficient to induce rar 
ketogenesis; the second necessary component is an activation 
hepatic fatty acid oxidative capacity. The required changes in a 
pose and hepatic tissues are initiated by alterations in plasma co 
centrations of glucagon and insulin: a low glucagon:insulin rat 
characteristic of the fed state, inhibits free fatty acid release frc 
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FIGURE 2-1. Feedback control of ketogenesis during fasting by insulin. As 
described in the text, the ketogenic sequence is initiated by a fall in plasma 
insulin and a rise in plasma glucagon. Free fatty acids are mobilized from 
adipose tissue stores and transported to the liver, which has been activated 
for ketone body production. In simple starvation, as plasma fatty acid and 
ketone concentrations rise, insulin release from the pancreas is stimulated. 
This blunts (but does not normalize) lipolytic activity in the fat cell such 
that plasma free fatty acid levels are fixed at about 0.7-1.0 mmol—suffi- 
cient to allow moderate production of acetoacetate and 3-hydroxybutyrate 
by the liver, but insufficient to allow the maximum rates of production re- 
quired to develop ketoacidosis. In type | diabetic subjects, the protective in- 
sulin feedback loop cannot operate because of B-cell destruction in the 
islets of Langerhans. As a consequence, plasma FFA reach much higher 
concentrations, driving ketone production to maximal rates, thereby leading 
to the ketoacidotic state. Experimentally, ketone bodies can directly sup- 
press lipolysis, but this is likely of lesser importance because FFA levels are 
very high in diabetic ketoacidosis despite markedly elevated ketone con- 
centrations. 


adipose tissue stores and deactivates the B-oxidative sequence for 
free fatty acids, which controls the ketogenic rate in the liver. 
Change to a high glucagon: insulin ratio, as occurs in fasting or 
diabetes, is characterized by enhanced lipolysis and activation of 
hepatic fatty acid oxidation. In the liver, a critical factor is the level 
of malonyl CoA, the first committed intermediate in long-chain 
fatty acid synthesis. When malonyl CoA concentrations are high, 
rates of fatty acid oxidation are repressed through inhibition of the 
camitine palmitoyl transferase I (CPT I) reaction. This enzyme 
regulates entry of FFA into the mitochondrion and thus controls 
ketogenesis. Conversely, when malonyl CoA levels are low, dere- 
pression of the transferase allows ketogenesis to proceed at rates 
directly proportional to delivery of the fatty acy] substrate. Put in 
other terms, activation of the ketogenic machinery by a fall in 
malonyl CoA concentration shifts the control of ketogenesis from 


the hepatic enzymic machinery to the rate of delivery of free fatty 
acids. 

It is critical to understand that the liver is fully operational for 
acetoacetate and 3-hydroxybutyrate formation after a short period 
of fasting (i.e., there is little difference in the potential for ketone 
body synthesis between a short fast and completely uncontrolled 
diabetes). The severe ketoacidosis seen in the latter state (and in 
alcoholic ketoacidosis) is due solely to plasma fatty acid concen- 
trations much higher than those seen during a fast. In the diabetic 
state limitation of lipolysis is precluded by the inability of the pan- 
creas to respond to rising FFA and ketone levels with appropriate 
release of insulin; in alcoholic ketoacidosis, alteration of FFA re- 
lease from fat depots in response to hormones appears to be ab- 
normal. Interactions between fat metabolism in adipose and he- 
patic tissues should become clearer from the discussion that 
follows. 


RELATIONSHIP BETWEEN ADIPOSE TISSUE 
AND LIVER IN KETOGENESIS 


As noted previously, the primary substrate for ketone body for- 
mation is free fatty acids. Although under certain circumstances 
these may be derived from hepatic triglycerides, their major 
source is adipose tissue. Because it can be easily shown that a 
precursor-product relationship exists between plasma free fatty 
acids and circulating ketone bodies, it was initially felt that rates 
of hepatic ketogenesis were simply the passive consequence of 
the rate of delivery of free fatty acids to the liver. According to 
this formulation no regulatory control was exerted in the hepato- 
cyte, which remained poised to make ketones once substrate be- 
came available. Supporting evidence for this view came from the 
experimental observation that if the triglyceride stores of adipose 
tissue were depleted by systematic semistarvation, acute ketosis 
disappeared in rats made diabetic by pancreatectomy.® It was also 
noted that in the mild ketosis (2-5 mmol) of starvation, plasma 
free fatty acid concentrations were generally around 1 mmol,’ al- 
though in full-blown ketoacidosis ketone concentrations in the 
range of 17-20 mmol were accompanied by fatty acid levels of 
2—4 mmol.” On the basis of these observations, the simple lipoly- 
tic theory for the control of ketogenesis became broadly ac- 
cepted. 

It subsequently became apparent that such a theory was inade- 
quate. Three major observations indicated that a substantial change 
in the pattern of liver metabolism was also required for ketogenesis 
to attain maximal rates. First, FFA levels in plasma could be ele- 
vated in vivo to levels equivalent to those seen in diabetic ketoaci- 
dosis without inducing ketosis in normal animals.”''° Second, de- 
veloped ketosis could be reversed under circumstances in which 
plasma FFA concentrations were kept high and unchanged.’"'? 
Third, and most important, if livers were removed from normal, fed 
rats and perfused with high concentrations of oleic acid, production 
of acetoacetic and 3-hydroxybutyric acids was only minimally 
stimulated. On the other hand, livers taken from fasted or diabetic 
animals, given the same concentration of oleic acid, produced ke- 
tone bodies at rates five- to tenfold higher than those seen in non- 
ketotic rats." It thus became clear that biochemical changes were 
required in both adipose tissue and liver for major ketogenesis to 
supervene. Conceptually, adipose tissue would be considered the 
substrate storage site, and liver would represent the conversion ma- 
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chinery. As will become apparent in the subsequent discussion, 
tegulation of the two sites can occur in coupled or independent 
fashion. Activation of each is necessary, but not sufficient, to in- 
duce maximal ketogenic rates. 


HORMONAL CONTROL OF KETOGENESIS 


For many years it was thought that a relative or absolute deficiency 
of insulin was in itself sufficient for full activation of the ketogenic 
process. After all, insulin deficiency was known to be a character- 
istic of diabetes mellitus, and it had long been recognized that 
plasma insulin concentrations fell with the progression of a fast in 
inverse proportion to the rise of plasma ketones.’ That this formu- 
lation might be oversimplified was suggested by two sets of obser- 
vations. First, Unger'* showed that diabetes was characterized not 
only by insulin deficiency. but by a relative or absolute excess of 
glucagon; therefore it was a bihormonal metabolic disorder. Sec- 
ond, a series of experiments carried out in vitro indicated that the 
a cell hormone had ketogenic activity in isolated liver prepara- 
tions.'*'® The roles of the two hormones in the ketogenic process 
were then examined using intact rats as the experimental model.'’ 
Fed, nonketotic animals were infused with either anti-insulin 
serum (AIS) or glucagon for short periods of time (1-3 hours). 
AIS infusion rapidly produced severe hyperglycemia, elevated 
plasma levels of FFA, and a prompt rise in plasma ketones. Thus 
by binding to insulin and preventing its biologic activity, AIS in- 
duced a state of early diabetic ketoacidosis. Glucagon, by contrast, 
caused only a minimal elevation of plasma glucose concentrations 
and no change in FFA or ketone body levels. Although glucagon is 
known to be a potent initiator of glycogenolysis in the liver 
(glycogen stores in these rats were dissipated), it did not cause hy- 
perglycemia. The reason is quite straightforward. As glycogenoly- 
sis supervened, a transient rise in plasma glucose occurred, which 
in turn stimulated insulin release from the pancreas. This insulin 
accelerated the efficient disposition of glucose in muscle and adi- 
pose tissue; in effect, glucagon caused transfer of stored carbohy- 
drates from liver to peripheral tissues in the absence of hyper- 
glycemia. 

Up to this point the findings were not unexpected, and were 
fully in accord with predictions. The second part of the experiment, 
however, produced results that elucidated the independent roles of 
insulin and glucagon in the regulation of ketogenesis. At the end of 
the infusion periods, livers were removed from the experimental 
animals and placed in an in vitro perfusion system. Oleic acid was 
added to bring the FFA concentration to 0.7 mmol in the perfusion 
media, approximately the level seen with fasting. Under these cir- 
cumstances, livers taken from animals treated with AIS produced 
ketone bodies at an accelerated rate when compared with control 
livers from nontreated animals. This was fully expected, because 
the livers were taken from animals that were ketotic in vivo. Sur- 
prisingly, however, perfusion of livers from glucagon-treated ani- 
mals (which were not ketotic) produced acetoacetate and 
3-hydroxybutyrate at rates comparable to those in animals made 
experimentally diabetic. Thus, a ketogenic liver had been produced 
in a nonketotic animal. Measurements of hormones in plasma 
showed that in AIS-treated rats, insulin concentrations were low 
and glucagon concentrations were high. In the glucagon-treated an- 
imals, levels of the a-cell hormone were elevated into the patho- 
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FIGURE 2-2. Bihormonal model for the control of ketogenesis. (Reprint 
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physiologic range, but in contrast to the AIS experiment, plasn 
insulin levels were also high. The latter observation meant, co 
trary to the generally held view, that the switch in the metabo! 
profile of the liver to fatty acid oxidation and ketone formation d 
not require an insulin-deficient state in vivo for its induction. 

Why was the glucagon-treated animal not ketotic? The answ 
turned out to be quite simple: It was deficient in substrate. Rec: 
that measured FFA concentrations after glucagon were low; tt 
was because glucagon-induced hyperglycemia had produced an i 
sulin response and insulin has a powerful antilipolytic effect. Cc 
rectness of this interpretation was proved by showing that expe: 
mental elevation of plasma FFA concentrations caused tl 
glucagon-treated animals to develop a brisk ketosis. It was th 
proposed!’ that the hepatic ketogenic machinery was under tl 
same bihormonal control as had been postulated for glucose hom 
ostasis by Unger." 

Current understanding of the system, based on the previous 
mentioned experiments, is shown in Fig. 2-2. According to tł 
model, insulin deficiency acts primarily at the level of the adipocy 
to provide long-chain fatty acid substrate for ketone body formati 
in the liver; in the presence of insulin, lipolysis is blocked and ket 
sis does not occur because of substrate deficiency. Glucagon, on t 
other hand, is thought to act primarily on the liver to activate fat 
acid oxidation and ketone formation at the expense of triglyceri 
synthesis. Although emphasis has been placed on the independe 
roles of insulin and glucagon, it should not be concluded that insul 
deficiency has no effect on the liver. Considerable evidence has a 
crued to indicate that the glucagon:insulin ratio is more importa 
than absolute concentrations of either hormone in determini! 
metabolic events within the hepatocyte. It should also not be inferr 
that insulin and glucagon are the only hormones involved in the re 
ulation of ketogenesis. Although they doubtless represent the p 
mary signals, a variety of other hormones, particularly cat 
cholamines, have been shown to exert effects similar to those 
glucagon. 

Does the model developed in the rat apply to humans? The e' 
dence is quite strong that it does. For example, Gerich and asso: 
ates!’ showed that hyperglycemia and ketonemia in type 1 diabe 
patients withdrawn from insulin were almost completely inhibit 
when glucagon secretion was blocked by infusion of somatostat 
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Further, it was shown that diabetic subjects pretreated with glucagon 
had enhanced ketogenic responses compared with control subjects 
given the same level of infused fatty acids." Finally, patients with 
glucagon-producing tumors have small but definitely increased ke- 
tone concentrations as a consequence of their disease.”° It thus 
seems safe to conclude that the overall thrust of the model is correct. 


BIOCHEMICAL ASPECTS 


The enzymatic pathway for the production of acetoacetate and 
3-hydroxybutyrate can conveniently be divided into two sections. 
The first, collectively called the B-oxidative sequence for fatty acid 
oxidation, involves the generation of acetyl CoA from long-chain 
fatty acids. The second concerns the synthesis of the two ketones 
from acetyl CoA. Four enzymes are involved in the latter portion of 
the pathway, as indicated by the following reactions (called the 
HMG-CoA cycle): 


2 Acetyl CoA = acetoacetyl CoA + CoA (2-1) 
Acetoacetyl CoA + acetyl CoA > 
Hydroxymethylglutaryl CoA + CoA (2-2) 
Hydroxymethylglutaryl-CoA > 
Acetoacetate + Acetyl CoA (2-3) 
Acetoacetate + NADH + H* = 
3-Hydroxybutyrate + NAD* (2-4) 


Reactions | through 4 are catalyzed by the enzymes acetoacetyl CoA 
thiolase (E.C.2.3.1.9), HMG-CoA synthase (E.C.4.1.3.5), HMG- 
CoA lyase (E.C.4.1.3.4), and D-3-hydroxybutyrate dehydrogenase 
(E.C.1.1.1.30), respectively. All are located in the mitochondria. The 
rate-limiting enzyme is considered to be HMG-CoA synthase, which 
is present in high concentrations only in liver mitochondria. The other 
three enzymes are found in significant quantities in a variety of extra- 
hepatic tissues. (Note that most tissues contain another isoform of 
HMG-CoA synthase in the extramitochondrial compartment, but this 
is involved in the process of cholesterol biosynthesis.) It had become 
clear by the late 1960s that neither the amount nor the activity of these 
enzymes changed sufficiently to account for the increased ketogenic 
capacity of the liver in ketotic states. Other studies focused on alter- 
native routes of acetyl CoA disposal as playing a key role. Thus, it was 
considered that a deficiency of oxaloacetate (thought to be character- 
istic of all ketotic states) diverted acetyl CoA from citrate formation 
to the ketogenic sequence. Although disposal of acetyl CoA can, 
under certain circumstances, modulate absolute rates of ketone for- 
mation, it was possible to show that high rates of ketone synthesis can 
be produced in situations where tricarboxylic acid cycle activity is 
not suppressed, but stimulated. These experiments indicated that the 
primary regulatory role was not exerted through alterations in acetyl 
CoA disposal, but rather by changes in the series of reactions leading 
to the generation of acetyl CoA from long-chain fatty acids. 

As shown in Fig. 2-3, when a long-chain fatty acid is taken up 
by the hepatocyte it has two major routes of metabolism. Either it 


FIGURE 2-3. Fatty acid metabolism in the liver. Fatty acids are taken up by the liver in concentration-dependent 
fashion. Following esterification to coenzyme A, the fatty acid may be utilized for triglyceride (and phospholipid) 
formation and leave the liver as very low density lipoproteins. Alternatively, fatty acy! CoA can be transported in- 
side the mitochondrion for oxidation to ketone bodies and CO. Transport across the inner mitochondrial mem- 
brane requires esterification to carnitine under the influence of the enzyme carnitine palmitoy] transferase I (CPT 
I) present on the outer membrane. This reaction appears to be the rate-limiting step for fatty acid oxidation and 
ketogenesis. Inside the mitochondrion, the acy] CoA derivative is reformed under the influence of carnitine 
palmitoy! transferase IT (CPT IJ). The capacity for fatty acid oxidation is fixed and large relative to activity of the 
Krebs tricarboxylic acid cycle. Therefore. the bulk of fatty acids entering the matrix will be converted into ketone 
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can be esterified with glycerol-3-phosphate to form triglycerides 
(and phospholipids) or it enters the mitochondrion for oxidation to 
acetyl CoA and ketone bodies. In the fed, nonketotic state, the bulk 
of fatty acids traverse the esterification pathway. With fasting or di- 
abetes, the distribution changes as ketone body production is accel- 
erated; a much larger fraction of the fatty acids taken up enter the 
oxidative pathway at the expense of esterification.'* It was initially 
believed that regulation was exerted on the esterification wing of 
the pathway, but this was disproved in an experiment wherein fatty 
acid oxidation was blocked acutely in the perfused liver by the in- 
hibitor (+)-decanoylcamitine, with the result that flux of fatty 
acids into esterification was immediately restored to normal.”! This 
experiment indicated that there was nothing intrinsically wrong 
with the esterification sequence and strongly suggested that pri- 
mary control of ketogenesis was exerted on the oxidative pathway. 
The site of such control was initially deduced from studies compar- 
ing the metabolism of oleic acid (representative of long-chain fatty 
acids) and the medium-chain fatty acid, octanoate.'*’* Coenzyme 
A derivatives of long-chain fatty acids are unable to penetrate the 
inner mitochondrial membrane. For transfer to occur there must be 
an esterification with carnitine, a reaction catalyzed by the enzyme 
carnitine palmitoyl transferase 1 (CPT I). Long-chain fatty acyl 
CoA is resynthesized by a reversal of the carnitine esterification re- 
action inside the mitochondrion under the influence of the enzyme 
camitine palmitoyl transferase II (CPT II). In contrast to their long- 
chain analogues, medium-chain fatty acids are freely permeable 
across the inner mitochondrial membrane and have no need for es- 
terification to carnitine. When livers from fed and fasted animals 
were perfused with oleic acid, rates of ketone formation in fasted 
livers were five- to sevenfold greater than in the control organs. 
When octanoic acid was used as substrate, ketogenic rates in the 
two types of liver were equivalent. Moreover, infusion of octanoate 
into normal fed rats promptly induced ketosis, but long-chain fatty 
acids had no such effect.” It thus became clear that the regulatory 
site was the carnitine palmitoy] transferase system of enzymes, the 
first specific step in the fatty acid oxidative sequence. 

The mechanism whereby this enzyme system is regulated 
emerged in 1977. Solution of the problem provided understanding 
not only of the control of ketogenesis, but of two other longstand- 
ing observations: the fact that when rates of fatty acid oxidation are 
high (fasting, uncontrolled diabetes), fatty acid synthesis is low, 
and the demonstration that ketotic states are always associated with 
hepatic glycogen depletion. A relationship between glucose and 
lipid metabolism in the liver was implicit in the observation that 
starvation ketosis is immediately reversed by the ingestion of small 
amounts of carbohydrate. The initial hypothesis was that when glu- 
cose was available to the liver, a glycolytic metabolite would act to 
suppress the carnitine palmitoy] transferase step. It was presumed 
that the concentration of this metabolite would fall in parallel with 
glycogen stores when the liver was exposed to a high glucagon:in- 
sulin ratio. The hypothesis turned out to be correct in principle, but 
the controlling intermediate was not a participant in the 
glycogenolytic-gluconeogenic pathway. Rather, it was malonyl 
CoA, the primary substrate for long-chain fatty acid synthesis, 
which is derived via citrate from ingested or stored carbohydrate.” 
It was already known that malonyl CoA levels in liver fluctuated in 
direct proportion to the rate of fatty acid synthesis.” Its position as 
the first committed intermediate in long-chain fatty acid synthesis 
made it an attractive candidate as a regulator of fatty acid oxida- 
tion. Thus, when malonyl CoA levels were high, assuring vigorous 
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fatty acid synthesis, it would be logical to expect that rates of fat 
acid oxidation should be low (to avoid a futile cycle of long-cha 
fatty acid synthesis and breakdown). When added to liver h 
mogenates, malonyl CoA powerfully inhibited the oxidation 
oleic acid and did so at physiologically relevant concentratior 
The block in fatty acid oxidation was immediately reversed up 
removal of malonyl CoA and was not reproduced with other Co 
esters such as acetyl CoA, propionyl CoA, or methylmalon 
CoA.” When tested with mitochondrial fractions, malonyl Co 
was shown to block the oxidation of oleate, palmitate, and pal 
toyl CoA (which requires the action of both transferases), but d 
not inhibit the oxidation of palmitoyl carnitine (which requir 
only the action of CPT II), or of octanoate (which is carnitin 
independent).”* In studies with mitochondrial membranes, it w 
shown directly that only CPT I was inhibited by malonyl CoA ar 
that the inhibitor acts in pseudocompetitive fashion against tl 
long-chain acyl CoA substrate in the reaction. The Ki is l- 
pmol both in rat and human (fetal) liver. 

Support for the key role of malonyl CoA came from expe 
ments in which rates of fatty acid oxidation were manipulated ov 
wide ranges. Under these circumstances it could be shown th 
malonyl CoA concentrations followed the predicted course; i.t 
when malonyl CoA levels were high, rates of fatty acid synthes 
were brisk and fatty acid oxidation was inhibited.” When malon 
CoA levels were at their nadir, fatty acid oxidation was maxim 
and fatty acid synthesis ceased. These interrelationships persist 
in a smoothly-related fashion as the system was manipulated fro 
one extreme to the other. Such observations meshed nicely wi 
the previously mentioned role of glucagon in inducing ketogenes 
and the demonstration that glucagon treatment of intact animals | 
its addition to isolated hepatocytes precipitously dropped malon 
CoA concentrations.**”° It is now known that glucagon acts t 
causing cyclic AMP-mediated phosphorylation of key enzymes 
the glycolytic sequence such that citrate concentrations fall, ir. 
posing a limitation on substrate available for malonyl CoA form 
tion. In addition, glucagon is thought to inhibit acetyl CoA ca 
boxylase, the enzyme catalyzing the formation of malonyl Co 
from acetyl CoA. 

As in most metabolic pathways, the primary control mech 
nism for fatty acid oxidation and ketogenesis (in this case fluctu 
tion in hepatic malonyl CoA levels) is modulated by other regul 
tory components. Three such factors are now recognized. First, 
all ketotic states, hepatic concentrations of carnitine (the transf 
molecule for long-chain fatty acids across the membrane restri 
tion barrier) rise to high levels.” This further accelerates CPT I a 
tivity by a mass-action effect. Second, long-chain fatty acyl CoA 
like glucagon, inhibit acetyl CoA carboxylase, assuring a maxim 
fall in malonyl CoA generation and an increase in fatty acid oxid 
tion as the liver is flooded with fatty acids secondary to unco: 
trolled diabetes.*! Although glucagon is considered to be the pı 
mary regulator of the process, long-chain fatty acy] CoAs functic 
synergistically in a backup role. Third, ketotic states are characte 
ized not only by cessation of hepatic malonyl! CoA synthesis, b 
also by reduced sensitivity of liver CPT I to this inhibitory mol 
cule.” Teleologically, the latter phenomenon might be viewed. 
an amplification mechanism for control of CPT I activity over ar 
above that imparted simply by changes in tissue malonyl] CoA co 
tent. Also noteworthy is that upon reversal of the ketotic sta 
(refeeding after a fast or treatment of diabetic animals with insuli 
it takes several hours for normal malonyl CoA sensitivity of liv 
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CPT I to be restored.**?* This might be nature’s way of ensuring 
that hepatic fatty acid oxidation is not immediately shut down 
under such conditions, but continues at a rate sufficient to support 
gluconeogenic carbon flow and thus repletion of hepatic glycogen 
stores via the so-called indirect pathway.**?6 Presumably, under 
these conditions the fatty acid substrate derives not so much from 
plasma (as adipose tissue lipolysis is rapidly suppressed by the ris- 
ing insulin concentration), but from triglyceride stores accumu- 
lated in the liver during the prior period of insulin deficiency. 


OVERVIEW 


Against this background, the overall features of the model, 
schematically depicted in Fig. 2-4, can now be reviewed.” With 
the ingestion of carbohydrate (or an ordinary mixed meal of carbo- 
hydrate, fat, and protein), glucagon concentrations are low and in- 
sulin concentrations are high, with the result that hepatic malonyl 
CoA concentrations are elevated, fatty acid synthesis is brisk, and 
the opposing pathway of fatty acid oxidation is blocked. Under 
these circumstances the physiologic role of malonyl CoA can be 
viewed as a mechanism to ensure unidirectional flow of carbon 
from glucose (or other precursors of pyruvate), into the sequence 
long-chain fatty acid — triglyceride — very low density lipopro- 
tein through suppression of the activity of CPT I, thereby prevent- 
ing the futile reoxidization of newly synthesized fatty acids. In the 
absence of food or in uncontrolled diabetes, insulin is deficient and 
glucagon concentrations are high. This results in a fall in malonyl 
CoA synthesis, with the consequence that lipogenesis slows and 
CPT I becomes activated. Fatty acid oxidation is further enhanced 
by the rise in tissue carnitine (mechanism not yet determined). 
Simultaneously, low plasma insulin levels allow activation of lipol- 
ysis such that ample free fatty acid substrate is now available to the 
derepressed hepatic ketogenic machinery. As fatty acyl CoA levels 
in the liver rise, backup inhibition of acetyl CoA carboxylase is as- 
sured. With carbohydrate feeding or the administration of insulin, 
the glucagon:insulin ratio falls and the entire sequence is ulti- 
mately reversed. 

Increased oxidation of fatty acids in the liver, initiated by the 
fall in malonyl CoA concentrations, is the primary cause of all ke- 
totic states. However, it should be emphasized that rates of ketone 
use in peripheral tissues are not unlimited. Once these processes 
are saturated, plasma ketone levels rise disproportionately to syn- 
thetic rates. Such saturation never occurs in the ketosis of fasting, 
but is characteristic of alcoholic and diabetic ketoacidoses. 

Solution of the control of ketogenesis took several decades and 
the work of many investigators. It is quite remarkable that at the 
heart of the mystery was a simple molecule, malonyl CoA. It func- 
tions not only to regulate the opposing pathways of fatty acid syn- 
thesis and oxidation, but also represents a key link between carbo- 
hydrate and lipid metabolism in the liver. Evidence is accumulating 
that the malonyl CoA-CPT I interaction also plays a regulatory 
role in “fuel crosstalk” in a variety of nonhepatic tissues, in partic- 
ular heart and skeletal muscle.”®*? The dominant form of CPT I ex- 
pressed in myocytes is the so-called M (for muscle) variant, which 
is a separate gene product from the L (for liver) type enzyme.“ Cu- 
riously, compared with L-CPT I, M-CPT I is about 100 times more 
sensitive to inhibition by malonyl CoA. It is of interest that both 
heart and skeletal muscle contain acetyl CoA carboxylase activity, 
and that in both sites the concentration of malonyl CoA changes re- 
ciprocally with the rate of fatty acid oxidation under different nu- 


tritional and experimental conditions.**~° Since neither tissue ex- 
presses significant levels of fatty acid synthase, it seems likely that 
the function of malony! CoA in heart and skeletal muscle cells is 
solely for the regulation of fatty acid oxidation.**”? Finally, the 
possibility has been raised that malonyl CoA inhibition of CPT I 
activity represents an important component of glucose-stimulated 
insulin secretion by the pancreatic B cell.*"*? 


EPILOGUE 


It is noteworthy that interest in the mitochondrial carnitine palmi- 
toyl transferase enzyme system has suddenly begun to grow at an 
exponential rate. Several reasons for this renaissance can be dis- 
cerned. First, as discussed previously, it is now clear that CPT I 
represents a pivotal site in the overall regulation of mammalian 
fatty acid metabolism. Second, there is growing momentum in the 
pharmaceutical industry to design drugs that will selectively sup- 
press the activity of CPT I in liver and thus act as hypoglycemic 
agents.”? Third, inherited defects in mitochondrial fatty acid trans- 
port, some with pathologic consequences, are now being docu- 
mented more and more frequently.” Finally, and quite remarkably, 
this complex, membrane-bound dual enzyme system, known to be 
present in essentially all tissues of the body but discussed solely in 
operational terms for most of the past 30 years, has only recently 
proved amenable to analysis at the molecular level.*° Although fur- 
ther discussion on this point is beyond the scope of the present re- 
view, exciting new insight into structure—function—-regulatory rela- 
tionships surrounding the CPT enzymes and the control of their 
respective genes can be expected in the near future. 
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FIGURE 2-4. Relationship between fatty acid synthesis and oxidation in liver. In the normal, fed state (high in- 
sulin:glucagon ratio) fatty acid synthesis from glucose is active, resulting in an elevated level of malonyl CoA. 
This causes suppression of CPT I activity such that newly formed fatty acyl CoA molecules are directed away 
from oxidation and into the esterification pathway leading to very low density lipoprotein (VLDL) production. 
Conversely, in starvation or uncontrolled diabetes (low insulin:glucagon ratio) fatty acid synthesis ceases because 
of inhibition of glycolysis and the acetyl CoA carboxylase (ACC) reaction. The concomitant fall in malonyl CoA 
concentration allows derepression of CPT I such that fatty acids mobilized from fat depots and entering the liver 
can readily react with carnitine and enter the B-oxidation pathway. allowing efficient production of ketone bodies. 
Note that pyruvate is a poor ketogenic substrate because its ability to generate acetyl CoA is low compared with 
that of fatty acids. For simplicity, CPT I has been placed outside the mitochondrion though it actually resides on 


the outer mitochondrial membrane. 
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CHAPTER 3 


The Molecular and Cell Biology of the Beta Cell 


Kevin Docherty 
Donald F. Steiner 


INTRODUCTION 


The discovery of insulin in 1921' ushered in the modem era of dia- 
betes therapy and at the same time opened many new areas for bio- 
chemical and physiological investigation—activities that continue 
to flourish. Insulin is a small globular protein (MW ~5800 kd) con- 
sisting of two peptide chains, designated A and B, linked together 
by two disulfide bonds (Fig. 3-1). It is produced and secreted by 
the B (beta) cells of the islets of Langerhans and acts by binding to 
a receptor molecule located on the plasma membrane of its target 
tissues. The receptor is a large integral membrane protein consisting 
of two polypeptide chains, the alpha and beta subunits, each present 
in two copies forming a heterotetramer (a2B2). Although the molec- 
ular mechanism of signal transduction by the insulin receptor con- 
tinues to be intensively investigated (see Chapt. 5), it is now clear 
that the receptor initiates a series of intracellular chemical events, 
including tyrosine phosphorylations on various targets, that lead to 
increased use and storage of glucose, as well as enhanced nitrogen 
retention and somatic growth (in immature organisms). 

Both insulin and its receptor are derived from single-chain pre- 
cursor molecules that are each encoded in a single autosomal gene. 
Biosynthesis results in the production of proinsulin, or proreceptor. 
These molecules are then processed posttranslationally to yield the 
mature proteins which are either stored for secretion, as in the case 
of insulin, or in the case of the receptor, transferred to the plasma 
membrane via small constitutive or unregulated vesicles. A great 
deal of information has accumulated in recent years on the structure 
and expression of the insulin gene. This chapter will describe the in- 
sulin gene, the molecular mechanisms underlying the biosynthesis 
and conversion of proinsulin, and the regulation of these processes 
by glucose and other factors. The clinical relevance of proinsulin 
and C peptide will be reviewed, and islet amyloid peptide (IAPP) or 
amylin, a newly identified neuropeptide product of the B cell that is 
cosecreted with insulin and is a major constituent of islet amyloid 
deposits in type 2 diabetes mellitus (T2DM). will be discussed. 


INSULIN STRUCTURE 


Insulin occurs in all vertebrates (Fig. 3-1), and two-chain insulin- 
like substances have been found in the nervous or digestive sys- 
tems of several invertebrates.” These include a growth-promoting 
hormone of the light green cells in the snail Lymnaea,” an insulin- 


like brain peptide from the silkworm Bombyx mori, an insul 
like peptide from the locust,® and the recently discovered multi 
insulin-related genes in Caenorhabditis elegans.’ Vertebrates a 
have insulin-like growth factors (IGF-I and -II), single-ch. 
peptides related to proinsulin, which interact with growth hormo 
insulin, and other hormones to regulate both somatic and tis: 
growth. These forms are found only in vertebrates and are belies 
to have arisen via gene duplication from the insulin gene early 
vertebrate evolution.” Many tissues express a receptor—the IG. 
receptor—that is closely similar in structure to the classic insu 
receptors, but which preferentially binds IGF-I and also IGF-II 
separate IGF-I] binding receptor that also binds mannose-6-P lac 
tyrosine kinase activity and appears to serve as an IGF scavenge 
Other less closely related members of the insulin superfam 
include ovarian relaxin” and several recently discovered relax 
like hormones.!!-” 

Certain structural features of insulin have been highly conser 
throughout vertebrate evolution, including the positions of the th: 
disulfide bonds, the N-terminal and C-terminal regions of the 
chain, and the hydrophobic residues in the C-terminal region of the 
chain (see Fig. 3-1). These residues influence receptor binding a 
are also intimately associated with maintaining the native three- 
mensional structure of the hormone, as revealed by the x-ray cryst 
lographic studies of Baker and coworkers.'? The structure o! 
porcine insulin monomer is shown in Fig. 3-2. In this high-resoluti 
(0.15-nm) representation, all the amino acid side chains are showr 
their normal orientations and the putative receptor binding regior 
outlined. Nuclear magnetic resonance (NMR) studies" provide st 
port for the conclusion that the structure of the insulin monomer 
solution is closely similar to that in the crystals. Human and m 
other mammalian insulins form hexamers in the presence of zi! 
and it is this form that exists in the rhombohedral Zn-insulin crystz 

Other recent studies have led to new insights regarding the 
cation of the receptor binding region(s) in the insulin molecule, : 
pecially studies with several naturally occurring human insu 
mutants involving residues A3, B24, and B25'° and with desp 
tapeptide insulin, in which the last five residues of the B chain hi 
been deleted,'®° as well as with certain insulins with crosslinks 1 
tween B29 and A1." These data suggest that during receptor bir 
ing, the flexible C-terminal region of the B chain is reoriented, « 
posing underlying residues, such as A3 valine. Recent NMR d 
on various insulin derivatives in solution'*'®'° also confirm the i 
portance of significant conformational changes in the C termir 
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FIGURE 3-1. Amino acid sequence of human insulin. Invariant residues in over 70 other vertebrate insulins are 


enclosed in boxes. 


of the B chain in receptor binding. A question that remains unan- 
swered is whether the insulin molecule interacts with more than 
one site on the receptor molecule in order to achieve the typical 
high affinity binding isotherm and curvilinear Scatchard.” 


BIOSYNTHESIS OF INSULIN 


The precursor of insulin is preproinsulin (Fig. 3-3), which con- 
sists of a single chain of 110 amino acids having a hydrophobic 


' FIGURE 3-2. View of a monomer of porcine insulin. The side chains of all 
the amino acids are shown: the A chain is dark gray and the B chain is light 
gray. The dashed outline delineates the approximate region on the surface 
of the insulin monomer which is believed to contact the receptor upon bind- 
ing. (Computer graphic representation kindly provided by Dr. Bing Xiaa, 
University of York.) 


24-amino-acid N-terminal prepeptide or signal peptide in most 
mammalian species.”!** The signal peptide facilitates the transfer 
of proinsulin from the cytosolic compartment, where protein chain 
elongation occurs. into the secretory pathway. Interactions involv- 
ing signal recognition particle (SRP) and the SRP receptor in the 
membrane of the rough endoplasmic reticulum (RER) lead to the 
translocation of the nascent peptide into its internal compartments, 
or cisternae.**** During translocation the signal sequence is rap- 
idly removed by the signal peptidase, a protease located on the 
inner surface of the RER membrane,” to give rise to proinsulin, 
which then folds and undergoes rapid formation of disulfide bonds, 
catalyzed by the enzyme protein-thiol reductase, to gain its native 
structure. Proinsulin is a stable precursor that includes the insulin B 
and A chains within a single 9000-kd polypeptide chain.” 
Newly formed proinsulin is then transported to the cis region of the 
Golgi apparatus for further processing and packaging (Fig. 3-4), 
while the signal peptide is rapidly degraded in the RER and is not a 
secretory product. 

During the intracellular maturation of secretory granules, 
proinsulin is cleaved to yield insulin and a 31-residue (in humans 
and several other mammals) connecting peptide fragment desig- 
nated the C peptide. Both insulin and C peptide are stored in ma- 
ture secretion granules along with small amounts of residual proin- 
sulin and its intermediate cleavage forms™" as well as various other 
minor secretory products.”’ Due to the time required for transit 
from the RER to the immature granules, conversion of proinsulin 
to insulin begins only about 20 minutes after peptide chain syn- 
thesis is completed, and it then proceeds as a pseudo first-order 
process with a half time of 30-60 minutes. It requires neither en- 
ergy nor continued protein synthesis once initiated in the granules. 
Mature B-cell secretory granules contain only low percentages 
(1-2%) of proinsulin and intermediate materials, and as a conse- 
quence, secreted insulin normally contains only small amounts of 
these precursor-related peptides.” Newly synthesized insulin and 
proinsulin are selectively released to a slight extent, but the bulk of 
the secreted material normally consists of stored preformed hor- 
mone and C peptide." 

Numerous studies have confirmed that like other cells that 
elaborate secretory proteins, newly synthesized proinsulin passes 
via the Golgi apparatus into the B-cell secretory granules 
(Fig. 3-4). Immunocytochemical studies using monoclonal anu- 
bodies specific for uncleaved proinsulin have demonstrated that 
newly formed clathnin-clad granules in the trans Golgi cisternae 
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FIGURE 3-3. Schematic structure of human pre- 
proinsulin. Removal of the first 24 amino acids (sig- 
nal peptide) gives rise to proinsulin. Cleavage after 
B30 (T) and before A1 (G) gives rise to insulin and C 
peptide. 


are rich in proinsulin, confirming that conversion to insulin oc- 
curs principally during the maturation of these secretory 
“progranules.”*?** Energy is required for the intracellular translo- 
cation of secretory proteins from RER through the Golgi apparatus, 
and is associated with the budding and/or fusion of small non- 
clathrin clad vesicles that transport secretory proteins from the cis 
through the rrans Golgi cisternae.*>** Because proteolytic conver- 
sion itself does not require energy, it is likely that proinsulin pro- 
cessing is initiated in the trans compartment of the Golgi apparatus 
or in newly formed secretory granules, or progranules, as these 
leave the Golgi region, and that it continues for several hours 
within these granules as they collect and mature biochemically in 
the cytosol (Fig. 3-4). 

The major proteolytic cleavages required for converting pro- 
insulin to insulin are summarized in Fig. 3-5. In early studies it 
was shown that the conjoint action of trypsin and carboxypepti- 
dase B can give rise to the naturally occurring pancreatic products 
C peptide and native insulin, essentially quantitatively converting 
proinsulin to insulin in vitro,” a process used in some commer- 
cial processes for making recombinant human insulin via proin- 
sulin.” 


The Prohormone Convertases 
and Proinsulin Processing 


The identification of the proinsulin convertases has lead to the so- 
lution of the longstanding puzzle as to the nature of the endopro- 
teases responsible for the cleavage of prohormones characteristi- 


THE MOLECULAR AND CELL BIOLOGY OF THE BETA CELL 


HUMAN PREPROINSULIN 


cally at paired basic residues. Two novel calcium-dependent end 
proteases (PC2 and PC3/PC1) related to subtilisin, a bacterial se 
ine protease, and to kexin, a yeast-mating pheromone convertas 
were found by polymerase chain reaction strategies applied 
human insulinoma cDNA and to AtT20 cells.” PC3/PC1 w 
present at lower levels in the human insulinoma but at higher leve 
in ACTH-secreting AtT20 cells. PC2 consists of 638 residues, a1 
PC3/PC1 contains 753 residues. Their structures are shown di 
grammatically in Fig. 3-6. 

A related human protease, furin, that was identified serendi 
itously, was initially believed to be a growth factor receptor due 
the presence of a cysteine-rich domain and a putative transmer 
brane segment.1!? However, this protease also contains a catalyt 
domain similar to that of PC3/PC1, PC2, and kexin, having tl 
characteristic catalytic Ser-Asp-His triad of active site residu 
(Fig. 3-5). Subsequent studies have shown that furin, like ye: 
kexin, is localized to the trans Golgi region, and that it is express: 
ubiquitously in tissues, where it serves to process a variety of pr 
cursors secreted via constitutive pathways, such as insulin recept 
precursors and other growth factors, clotting factor precursors, a 
viral envelope glycoproteins." 

PC2 and PC3 lack transmembrane localization domains a 
are optimally active at pH 5.5.“ They are expressed (in varyii 
amounts) only in neuroendocrine tissues such as the islets 
Langerhans, pituitary, adrenal medulla, and many regions of t 
brain, but not at appreciable levels in other nonendocrine tissu 
such as liver, spleen, intestine, kidney, or muscle. Moreov: 
antisera to PC2 and PC3 indicate that the B cells, as well as t 
other cell types of the islets of Langerhans, express one or both 
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FIGURE 3-4. Schematic model of the insulin biosynthetic machinery of the 
B cell. Preproinsulin is synthesized in the rough endoplasmic reticulum 
(RER) and is then rapidly cleaved to proinsulin (within 1-2 minutes). In 
the intracisternal spaces of the RER, proinsulin folds and forms the native 
disulfide bonds of insulin. After being transported to the Golgi apparatus by 
an energy-requiring vesicular mechanism, proinsulin is efficiently sorted 
(>999%) into clathrin-coated early granules arising in the trans Golgi net- 
work. These granules are rich in proinsulin and contain the converting pro- 
teases, PC2 and PC3, and carboxypeptidase E. Processing to proinsulin oc- 
curs mainly. if not exclusively, in these early secretory granules, giving rise 
to the more condensed mature granules. which lack the clathrin coat. The 
mature granule-dense cores consist almost entirely of insulin, often in crys- 
talline arrays, while the granule-soluble phase that surrounds the inclusion 
consists mainly of C peptide and small amounts of proinsulin. The release 
of newly synthesized proinsulin and insulin begins about 1 hour after syn- 
thesis in the RER, and hence granules must undergo a maturation process 
that renders them competent for secretion. Nongranular routes of secretion 
of proinsulin or insulin comprise only a few percent of total secretion in 
normal islets. Exocytosis of granules is regulated by glucose and many 
other factors, and in both humans and dogs results in the release of insulin 
and C peptide in equimolar proportions under both basal and stimulated 
conditions. 
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these proteases. Immunogold labeling of both proinsulin and PC2 
in newly formed B-cell secretory vesicles has confirmed the colo- 
calization of the enzyme and its putative substrate.*° 

Various studies indicate that PC2 cleaves proinsulin preferen- 
tially at the Lys Arg 4 Gly sequence at the junction of the C peptide 
and the A chain, and PC3 cleaves mainly at the Arg Arg 1 Glu 
sequence in the B chain-C peptide junction.*© These and other find- 
ings support the proposed identity of PC3 and PC2 with the 
calcium-dependent type | and type 2 insulinoma granule proin- 
sulin processing activities, respectively, described by Davidson, 
Bailyes, and Bennett and all their coworkers.“ Sizonenko and 
Halban” have reported that rat/mouse proinsulin II, which has Met 


rather than Lys at B29, four residues upstream (P4 position) of 
the B chain-C peptide cleavage site, is processed more slowly at 
this site in normal islets. These results and others suggest that both 
PC3 and PC2 cleavage, like that of furin, is augmented by basic 
residues at the fourth position upstream from the cleavage site 
(designated P4) in some of its substrates, and this could account for 
observed cleavage of rat/mouse proinsulins at the A-chain junction 
(Arg Gin Lys Arg J Gly) by PC3 in early studies.** 

More recent studies confirm that both PC2 and PC3 participate 
in the processing of proinsulin and indicate that their action is most 
likely sequential, with PC3 acting initially to produce 32,33 split 
proinsulin, which is a preferred substrate for PC2 cleavage at the 
remaining C peptide-A chain junction. This is illustrated schemati- 
cally in Fig. 3-5. Recent studies of insulin biosynthesis in islets 
from a PC2 null mouse strain?! have confirmed the importance of 
PC2 for proinsulin processing.” The pancreatic proinsulin content 
in these mice is significantly elevated (~35% vs. ~5% in wild- 
type or heterozygotes) and circulating levels of proinsulin ap- 
proach 60%. Pulse-chase labeling studies show that the rates of 
proinsulin processing are reduced by about threefold and signifi- 
cant accumulations of des 31,32 proinsulin intermediate, result- 
ing from PC3 action, are evident. In normal human islets of 
Langerhans, significant levels of des 31,32 proinsulin accumulate 
during pulse-chase studies.” This occurs because human proin- 
sulin lacks a P4 basic amino acid at the C peptide-A chain junction, 
which slows PC2 cleavage at this site, while the B chain-C peptide 
site has a lysine as the P4 residue. As a consequence of this simple 
structural difference, in humans the des 31,32 intermediate form 
makes up a considerable proportion of normal circulating insulin- 
like components, in addition to intact proinsulin.” 

PC2 has also been shown to be expressed at high levels in 
the œ cells, where it appears to act alone in the processing of 
proglucagon to release only glucagon as the major hormonal 
product.” é Glucagon-like peptide 1 (GLP-1i7-37), another en- 
docrine product derived from proglucagon by selective proteoly- 
sis in the intestinal L cells, has been shown to be an important 
incretin, augmenting insulin secretion in response to ingested 
fuels, and opposite to glucagon, which is an insulin counterregu- 
latory hormone. (see chapt. 6 and 7) The L-cell processing en- 
zyme has been tentatively identified as PC3, since PC3 has been 
shown to carry out the cleavages leading to the release of GLP-1 
and GLP-2, but not of glucagon from proglucagon.*’** In the 
PC2 null mice proglucagon processing is markedly impaired, 
leading to a lack of circulating mature glucagon and resulting in 
chronic hypoglycemia and a cell hyperplasia”! PC2 is also the 
major convertase expressed in the islet somatostatin-producing 
delta cells, and consequently processing of prosomatostatin to 
somatostatin 14 is blocked. Instead, somatostatin 28 accumu- 
lates in the PC2 nulls. The pancreatic polypeptide (PP)- 
-producing gamma cells also are rich in PC2, and so the pro- 
cessing of proPP may also be impaired. All of these results and 
others indicate that PC2 and PC3 are major secretory granule- 
processing enzymes and are responsible for processing many 
neuroendocrine precursors.*°*? For further information on the 
prohormone convertase family of processing enzymes, see refer- 
ences 60-63. 

Another important component of the processing machinery, 
carboxypeptidase E (CPE), a carboxypeptidase B-like enzyme, 
was first identified in islets but is expressed in many other neuroen- 
docrine tissues, including brain (Fig. 3-5). This enzyme has been 
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extensively studied both in terms of its enzymatic properties as 
well as its biosynthesis.” These studies have shown that it is 
clearly distinct from the classical pancreatic carboxypeptidases A 
and B, but is structurally homologous to these enzymes, suggesting 
that it arose from a common ancestral exopeptidase.™ The CPE" 
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FIGURE 3-5. The cleavage of proinsulin to insulin by the combined action of the prohormone convertases PC2, 
PC3/PC1, and carboxypeptidase H. This scheme is based on evidence, cited in the text, that PC3 cleavage at the 
B chain-C peptide junction precedes cleavage by PC2 at the C peptide-A chain junction. The conformation shown 
for proinsulin is based on modeling studies to optimize binding to the convertases during cleavage.™ Note that 
the interaction with PC2 requires unwinding of the N-terminal alpha helix of the A chain to allow the A2 Ile 
residue to move out from the hydrophobic core of the insulin moiety, where it normally resides with the A19 Tyr, 
to enter the active site of PC2 (subside $2’). 


mutation is a spontaneously occurring loss of function mutation in C-terminally with basic residues.” 


FIGURE 3-6. Schematic structures of the proinsulin processing PC2 2 
prohormone convertases PC2 and PC3/PC1. The various subre- 
gions are designated as follows: signal peptides (SP). proregion if | { 


(PRO), catalytic domain (CAT), P or homeo B domain (P), and 
amphipathic helix (AH). The catalytic Asp, His, Asn (Asp), and 
Ser residues, cleavage sites (?) and a potential integrin-binding 
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CPE that causes a metabolic syndrome characterized by obesi 
mild diabetes, and hyperproinsulinemia.” CPE activity is abse 
in the islets and reduced® in brains of these mice. Interesting 
absence of CPE leads to impaired convertase action, perhaps d 
in part to the accumulation of cleaved intermediates extend 
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Secretory Granule Formation 


In B cells the “progranules” characteristically are less dense than 
the mature granules and have a uniform density throughout. ™®" 
Evidence suggests that newly synthesized proinsulin enters these 
granules as a sol rather than an aggregate. Various changes take 
place as these progranules mature in the cytoplasm of the cell, in- 
cluding the proteolytic conversion of proinsulin to insulin and the 
condensation of the insulin with Ca and Zn ions.” The dense 
central core of mature insulin-secretory granules is crystalline with 
repeat-unit spacings closely similar to those of ordinary zinc in- 
sulin crystals.”!7? Thus as insulin is liberated from proinsulin, it 
tends to crystallize with zinc that is concentrated by the ß cells. 
The role of zinc in secretory granule formation is not well under- 
stood.” Most of the zinc in islets is present in the B granules and is 
liberated proportionately with insulin during secretion.”* Mature 
islet secretory granule cores seem to contain only insulin, while the 
C-peptide liberated in the conversion process remains in solution in 
the clear fluid space surrounding the dense crystalline core.’” The 
C peptide does not cocrystallize with insulin, but low levels of 
proinsulin do cocrystallize with insulin such that granule cores nor- 
mally contain 1|-2% of intact or partially processed precursor,” 
mainly des 31,32 intermediate in man.” 

The pH of the interior of the mature secretory granule is ap- 
proximately 5.0,**** an optimal pH for both proinsulin conversion 
and insulin crystallization. In contrast, the trans Golgi and newly 
formed secretory granules are more nearly neutral, which may 
favor receptor-mediated sorting mechanisms, such as those in- 
volved in the sorting of lysosomal enzymes into endosomes via 
mannose-6-P receptors. Thus the biosynthesis of insulin via pre- 
proinsulin and proinsulin and their intracellular handling, proteoly- 
sis, and ultimate storage as insulin in secretory granules, is a re- 
markably well-integrated process, at both the molecular and 
cell biological levels, within the B cells.” This well-poised 
mechanism is disturbed in islet cell tumors, which often show 
unregulated release of insulin and other hormones together with 
excessive amounts of proinsulin. Measurements of proinsulin 
levels are thus useful adjuncts in the diagnosis of islet cell tumors 
(see Chap. 58). 7677 


C Peptide as a Product of 
Proinsulin Transformation 


C peptide accumulates along with insulin in essentially equimolar 
amounts?™™™® and is secreted along with the hormone by exocytosis 
of the granule contents.”’* Recent studies suggest that a small 
proportion (2-3%) of newly synthesized C peptide may be released 
constitutively,” presumably due to budding of small clathrin-coated 
vesicles from newly formed secretory granules. Because mam- 
malian C peptides exhibit a 15-fold higher rate of mutation accept- 
ance than the corresponding insulins, it seems likely that this re- 
gion in the proinsulin molecule does not have any specific 
hormonal function. Nonetheless, it has been suggested that low- 
dose (biosynthetic) C peptide infusion may influence human 
muscle microcirculation as well as renal function by unknown 
mechanisms.*” 

The renewal and regulation of the granular stores of insulin 
and C peptide in the B cells is an important aspect of normal home- 
ostasis. Calcium-dependent exocytosis of preformed storage gran- 
ules?! appears to be the major source of both basal and glucose- 


stimulated insulin and C peptide release in vivo.” The chief 
positive effector in maintaining this storage compartment is 
glucose, augmented by cyclic AMP, which appears to be generated 
by a mechanism closely coupled to glucose metabolism in the 
B cell.*?-** Secretion is not a direct stimulus to insulin biosynthe- 
sis, as can be proven by blocking secretion by lowering external 
calcium levels or using inhibitors such as diazoxide. These agents 
do not impair the biosynthetic response to glucose.”* However, 
when inhibition of secretion is prolonged, intracellular degradation 
(autophagy) of granules occurs.**7° 


Clinical Relevance of Proinsulin and C Peptide 


The measurement of the secretion rate of insulin in vivo is compli- 
cated by its rapid plasma half-life, which is in turn determined in 
part by the pool of available insulin receptors in the liver and pe- 
ripheral tissues. A large proportion of normal insulin metabolism, 
beyond renal disposal, appears to result from receptor-mediated 
endocytosis, followed by intracellular degradation of the hormone 
in liver and other target tissues, perhaps as modulated by still other 
factors such as hepatic glucose metabolism.” As a consequence 
the relationship between circulating insulin levels and the rates of 
secretion of the hormone from the pancreas is complex and diffi- 
cult to assess. It is further complicated in the insulin-treated dia- 
betic by the presence of insulin antibodies and pools of residual 
bound and free hormone, even after withdrawal! of insulin therapy. 

The C peptide, on the other hand, represents a cosecreted prod- 
uct that is directly related stoichiometrically to insulin on a one- 
to-one basis and is far less complicated to measure. It is not ex- 
tracted significantly by the liver, and its metabolic clearance rate is 
independent of its plasma concentration over a wide concentration 
range. Whether a receptor exists for C peptide is an unsettled topic, 
but its prolonged half-life and kinetically accessible distribution 
characteristics suggest that it is probably biologically inert and is 
mainly excreted by the kidney. No effects of metabolic state have 
been observed on C-peptide distribution or turnover. By a deconvo- 
lutional analysis that corrects for distribution beyond plasma 
compartments, Polonsky and coworkers have shown that peripheral 
C-peptide levels can be used to derive true secretion rates for in- 
sulin in vivo under a variety of conditions, including the presence 
of insulin antibodies.** 

C-peptide measurement has proven helpful in the diagnosis of 
hypoglycemia due to insulinoma and/or surreptitious administra- 
tion of insulin. In the former case, failure to suppress C-peptide 
levels during insulin-induced hypoglycemia (levels below 50% of 
baseline when blood glucose falls below 40 mg/dL) strongly sug- 
gests insulinoma. In contrast, factitious insulin administration 
should be suspected when very high insulin concentrations are ac- 
companied by normal or suppressed C-peptide levels. 

Proinsulin is normally secreted in much smaller amounts than 
insulin or C peptide (usually 3-5%). However, its rate of metabo- 
lism is much slower than that of insulin because of its reduced in- 
sulin receptor affinity (approximately 3% that of insulin). But some 
proinsulin intermediates, particularly des 64,65 proinsulin (cleaved 
at the C peptide-A chain junction), exhibit potencies approaching 
that of insulin and hence are more rapidly metabolized. Whether 
for this reason or others, several recent studies have determined 
that circulating proinsulin-like material (PLM) is mainly com- 
posed of intact proinsulin and des 31,32 proinsulin (cleaved at the 
B chain-C peptide junction), both being low-potency, slow- 
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turnover forms. These forms make up a small proportion (10-20%) 
of normal fasting plasma but may account for as much as 50% of 
circulating insulin components in type 2 diabetes. This finding 
has lead to suggestions that conversion of proinsulin to insulin may 
be impaired in the diabetic B cell and high proinsulin levels may 
tend to obscure the extent of bioactive insulin deficiency, based on 
simple plasma insulin radioimmunoassays (which fail to distin- 
guish between active insulin and these less active biosynthetic in- 
termediates). Whether this circulating imbalance may also be due 
in part to more rapid insulin disposal in the diabetic (due to recep- 
tor upregulation) remains an issue that requires further clarifica- 
tion. Nonetheless, there appears to be some basis for believing that 
elevated secretion of proinsulin-related materials may be a con- 
comitant of B-cell decompensation, although the mechanistic basis 
for this phenomenon is not well understood (see Chap. 21). Recent 
studies of the effects of prolonged exposure of B cells to elevated 
fatty acids on insulin biosynthesis indicate inhibition of maturation 
of not only proinsulin, but also of the convertases, resulting in 
secretion of increased proportions of proinsulin.” 

Proinsulin is stable in the circulation and is cleared mainly by 
the kidney. Hence renal failure is usually accompanied by 
markedly elevated proinsulin levels. Elevated proinsulin is fre- 
quently found in patients with insulinomas. More than 80% of be- 
nign adenomas and almost all islet cell carcinomas manifest ele- 
vated proinsulin levels that are not suppressed by hypoglycemia.’”* 
Biosynthetic human proinsulin has been tested in clinical trials as a 
potential long-acting form of insulin. These studies unfortunately 
revealed a slight excess of cardiac mortality in the proinsulin group 
and were discontinued.** Whether lower, more physiologic propor- 
tions of proinsulin in combination with insulin (and C peptide) 
might have superior therapeutic characteristics than insulin alone 
remains a possibility deserving further exploration. Recent studies 
suggest the existence of high-affinity proinsulin-specific receptors 
on vascular endothelial’? and intestinal crypt?’ cells. 


STRUCTURE AND EVOLUTION 
OF THE INSULIN GENE 


The gene for insulin was among the first to be isolated. Its struc- 
ture in man” is summarized in Fig. 3-7. The insulin gene has been 
cloned from a wide range of species including primates, rodents, 
birds, fish, and amphibians.?'* Its structure is highly conserved 
among species and consists of three exons and two introns. Exon 1 
is located in the 5’ untranslated region of the gene. Exon 2 con- 
tains sequences encoding the signal peptide, the insulin B chain 
and part of the C peptide, while exon 3 encodes the remainder of 
the C peptide, the insulin A chain and the 3’ untranslated se- 
quences.” The length and sequence of the introns are highly vari- 
able among species. However, the relative length of intron ! is al- 
ways less than that of intron 2, and it is located in the 5’ 
untranslated region while intron 2 interrupts the gene between the 
first and second nucleotides of the codon for amino acid 7 of the C 
peptide. 

Only one insulin gene is present in most species studied, with 
the exception of rat, mouse, and Xenopus, which have two nonal- 
lelic insulin genes. Intron 2 is absent from the rat and mouse in- 
sulin I genes. The second gene of rodents (i.e., rat and mouse in- 
sulin I) arose from a process of reverse transcription of a partially 
spliced germ line transcript.’ The RNA transcript involved was 
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initiated from a site upstream of the normal physiological p 
moter of the insulin II gene; thus the insulin I gene is homolog 
to the insulin II gene within about 500 bp upstream of the tr: 
scription start site. The rat and mouse insulin I and II genes | 
expressed equally in normal islets,” though not in fetal yolk sa 
or in some rat insulinoma-derived cells.” Both alleles of 
mouse insulin I and II genes are active in embryonic tissue | 
only the paternal alleles for both genes are active in the yı 
sac.” This suggests that the maternal alleles undergo selective i 
printing in extrapancreatic tissue during embryonic developme 
raising questions about the role of such extrapancreatic expr 
sion. 

The single-copy human gene is located on the short arm 
chromosome 11 in band p15.”®" It is flanked on the 5’ side b: 
unique polymorphic region composed of tandem repeats that 
beyond the upstream regulatory region and does not seem to inf 
ence its expression but provides a useful marker for genetic linkz 
analysis." Earlier reported correlations of the presence of lar; 
(Class 3) versus smaller (Class 1 or Class 2) repeats in this regi 
with the incidence of type 2 diabetes were confounded by ethi 
differences in the distribution of tandem repeats. Further analy: 
of larger populations failed to support this conclusion, but have 
vealed that Class 1 alleles and genotypes are significantly more f 
quent in Caucasians with type 1 diabetes than type 2 diabetics 
controls.!®! This allele may thus be a marker for a nearby suscey 
bility gene for type 1 diabetes mellitus (T1 DM). 


REGULATION OF INSULIN 
GENE TRANSCRIPTION 


DNA Sequences and Transcription Factors 
Controlling Transcription of the Insulin Gene 


B-cell-specific expression of the insulin gene is dependent on D? 
sequences located within a region of approximately 400 base pa 
immediately upstream of the transcription start site.!°?-!°° This 
gion is highly conserved among species and contains a number 
regulatory elements as depicted in Fig. 3-8.' The transcripti 
factors that bind to these promoter elements play an important rı 
in (1) restricting expression of the insulin gene to B cells, (2) 
lencing the insulin gene in non ß cells, (3) determining when a 
where the insulin gene is expressed during islet cell ontogeny, a 
(4) regulating expression of the insulin gene in response to chan; 
in nutrient status. Transcription factors, some of which bind to | 
insulin promoter, also play an important role in lineage determi1 
tion in the developing pancreas while defects in these transcripti 
factors may be related to the development of diabetes mellitus. 
Of the regulatory sequences depicted in Fig. 3-8, the t 
E-box elements GCCATCTGC (E1 and E2) are particularly imp: 
tant. Transcription factors that bind E boxes consist of h 
erodimers between a ubiquitous class A and a tissue-specific cl: 
B member of the basic helix loop helix (bHLH) family. These p: 
teins contain a conserved basic DNA-binding domain and two a 
phipathic helices separated by a loop structure that are required ' 
dimerization. Class A bHLH members include the E2A gene prc 
ucts El2 and E47, while class B family members inclu 
BETA2/NeuroD, MyoD, and myogenin. Other class B protei 
such as Id, emc, and hairy, which lack a basic DNA-bindi 
domain, can form inactive heterodimers with class A proteins. 
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FIGURE 3-7. Diagrammatic representation of the structure of the insulin gene in vertebrates. Exons (E) appear- 
ing in mature preproinsulin mRNA are shown as bars and the sizes of the two introns or intervening sequences (I) 
in various species are tabulated below. U, Untranslated region: P, prepeptide coding region; B, B-chain coding re- 
gion: C, C-peptide coding region; and A. A-chain coding region. A typical TATA box signaling transcription ini- 
tiation is shown approximately 30 base pairs upstream from the messenger start site, preceded by a promoter re- 
gion (unfilled box). The human insulin gene. abbreviated INS, is located on the short arm of chromosome !1 in 


the region p15.” 


The El element located at approximately —100 is highly con- 
served among insulin genes. It is critical for insulin gene expres- 
sion, since mutagenesis has a drastic effect on insulin promoter ac- 
tivity. The E1 element binds a heterodimer of the ubiquitously 
expressed E2A gene product E47 and BETA2, which is also known 
as NeuroD.'”!!° BETA2/NeuroD is expressed in islets of 
Langerhans, brain, and intestine (where it is thought to regulate the 
secretin gene).'” The importance of BETA2/NeuroD is empha- 
sized by inactivation of the gene in mice: mice homozygous for the 
BETA2/NeuroD gene deletion develop severe diabetes and die 3-5 
days after birth.''’ On the other hand, mice lacking the E2A gene 
exhibit normal levels of insulin, suggesting functional redundancy 
among members of the class A bHLH family. '? 

The E2 region, located at around —230, is not as well con- 
served as the El region. In the rat insulin I gene the sequence of the 
E2 box is identical to that of the E1 box, and it binds a similar fac- 
tor, i.e., E47/BETA2. The E2 box of the human insulin gene differs 
from the E1 box. It has an imperfect E box, CACCGG, which binds 
E47/BETA2 but only weakly. However, it binds the ubiquitously 
expressed bHLH factor USF (upstream stimulating factor) with 
high affinity. !" On the 5’ side of the E2 box is an element (C2) 
containing a number of CAGG sequences. This C2 element binds 


an islet cell-specific factor RIPE3b1,''* which was originally 


shown to bind to the C1 element located between the Al and E1 
boxes of the rat insulin II gene.''® RIPE3b1 has yet to be cloned 
and characterized. 

The A box elements have the consensus sequence 
C(C/T)TAATG. There are four in the human insulin gene at posi- 
tions —82 (Al), —140 (A2), —215 (A3) and —319 (A5). The A 
box binds a transcription factor PDX1, which was previously 
known as IPF1,''® IDX1,''? STF1,''* and IUF1.''” Expression of 
PDX! in the adult is restricted to B cells of the pancreas and to 
somatostatin-expressing cells of the pancreas and small intestine. 
PDX1 belongs to the Antennapedia class of homeodomain proteins 
and is highly homologous to the X/Hbox 8 from Xenopus laevis.” 
Mice homozygous for a targeted mutation in the pdx] gene selec- 
tively lack a pancreas.'*' These and other findings suggest that 
PDX! functions both in the early specification of the primitive gut 
to a pancreatic fate and in the maturation of the pancreatic B 
cell." The human pdx/ gene, located on chromosome 13q/12, 
encodes a 283-amino-acid protein with a central homeodomain 
flanked by two proline-rich domains.'** The transactivation do- 
main is located at the NH,-terminus of the protein.'**!"6 The 
mechanisms whereby PDX1 binding to the A box activates the 


FIGURE 3-8. Schematic depicting the arrangement of regulatory sequences in the human insulin gene promoter. 
The scale at the bottom represents base pairs upstream of the transcription start site. The boxes on the dark line 
denote sequence elements, and when the name of the element and sequence are known, they are given. Above the 
boxes the transcription factors are schematically represented. The factor IEF1 is a heterodimer of BETA2/E47. 
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insulin gene is not well understood. It synergizes with bHLH 
proteins bound to the El element and with the homeodomain 
factor Pbx.!?™!?™ The interaction with Pbx involves a conserved 
pentapeptide sequence, FPWMK, located amino terminal to the 
homeodomain. Some preliminary data on the sequences regulating 
the PDX1 gene have been published. A regulatory sequence that 
binds HNF38 has been mapped to a DNase hypersensitive regions 
at about —2 kb,'”? while the bHLH protein USF binds to a regula- 
tory site close to the promoter, at — 104.” 

Other putative regulatory elements that are conserved among 
species include a cyclic AMP-responsive element (CRE) and an 
enhancer core sequence that could bind C/EBP. In the rat insulin I 
gene a G-rich sequence binds a factor, Pur-1, that is ubiquitously 
expressed.'*' A STATS binding site that may mediate the effects of 
growth hormone has been mapped to the sequence between —330 
and —322 in the rat insulin I gene.'” And a complex negative reg- 
ulatory element has been identified between —258 and —279 of the 
human insulin gene.'® This element binds a number of proteins!** 
and contains a palindromic repeat sequence that may function as a 
negative glucocorticoid response element.'*° 

The human insulin gene contains variable numbers of tandem 
repeats (VNTRs) of the sequence 5’ TCTGGGGAGAGGGG 3’ lo- 
cated upstream of —365.'°° Termed the insulin-linked polymorphic 
region (ILPR), this region has been shown to exhibit transcriptional 
activity,'°° possibly through the binding of the transcription factor 
Pur-1 to G-rich sequences.'*” Interestingly, the ILPR has the ability 
to adopt an altered DNA structure. This has been characterized as a 
quadriplex involving interactions between the G residues on the top 
strand,'*®"'*° while the C-rich strand forms hairpin structures.'*! 
The quadriplex structure is present in vivo"? and in DNA assem- 
bled in chromosomes in vitro.'*? The structure is present when the 
insulin gene is actively transcribed, while mutations that destabi- 
lize the structure lower the transcriptional activity of the gene. Fur- 
ther regulatory sequences, including a steroid-responsive ele- 
ment!“ and a RIPE3b1 binding site,'“> may reside upstream of the 
ILPR. 


Nutrient and Hormonal Control 
of Insulin Gene Expression 


The biosynthesis and secretion of insulin by pancreatic B cells is 
controlled primarily by the circulating glucose levels. Metabolism 
of glucose is essential for its stimulatory effect as only metaboliz- 
able analogues are effective. Hexose phosphorylation in B cells by 
a high-K,, glucokinase is the rate-limiting step for sugar metabo- 
lism. Glucokinase is thus regarded as the B cell glucose sensor con- 
ferring concentration dependence and specificity to the insulin 
secretory response to sugars.'*° Metabolism of glucose results in 
an increase in the intracellular ATP/ADP ratio, which causes 
closure of the ATP-sensitive K* channel in the plasma membrane. 
The consequent depolarization causes opening of the voltage- 
dependent Ca?* channel, and the increase in intracellular Ca?™ ini- 
tiates the events that lead to exocytosis of the insulin granule con- 
tents (see Chap. 4). Hormones such as glucagon-like peptide I 
(7-37) (GLP-I) that activate adenylate cyclase stimulate insulin se- 
cretion by amplifying the response to glucose, primarily by in- 
creasing the sensitivity of the secretory apparatus to Ca”*.'*” In- 
sulin has also been shown to activate insulin secretion by an 
autocrine mechanism involving an increase in [Ca?"]; and activa- 
tion of protein kinase C.'** 
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Glucose can also stimulate insulin secretion in a K,yp-channel 
independent manner. Thus, in the presence of diazoxide that 
inhibits the closure of Karp channels by glucose, the plasma 
membrane potential (Av) is depolarized by K*, causing an increase 
in cytosolic Ca?* to permissive levels.'*? It is thought that at this 
permissive level of Ca°*, glucose can stimulate the activity of 
Ca**-sensitive dehydrogenases in the mitochondrial matrix. The 
resultant increased flow through the TCA cycle generates a mito- 
chondrial factor distinct from ATP. This factor has been identified 
as glutamate, which leaves the mitochondria and interacts directly 
with insulin secretory granules to promote exocytosis.'**'*! 

Following the release of insulin it is important that the 6 cell 
replenishes its stores. There are several stages at which this can 
occur: transcription of the insulin gene, preRNA processing. trans- 
port into the cytoplasm and turnover of mRNA, and translation of 
preproinsulin mRNA.!*? The major acute (<2 hours) control of in- 
sulin production is exerted at the level of translation. This is in 
keeping with the requirement to replenish insulin stores rapidly 
following insulin secretion in response to elevated circulating glu- 
cose levels. Over longer periods (>6 hours) glucose stimulates 
transcription of the insulin gene, and, at least in the mouse, it also 
regulates the level of preRNA splicing.'™* 

In recent years it has become clear that the cells within islets 
communicate with each other through connexin-like molecules, 
such that the overall response to nutrient stimulation reflects the in- 
tegrated action of B cells with individually differing behaviours.'™* 
Thus an increase in glucose concentrations not only stimulates 
gene expression and proinsulin biosynthesis within individual 6 
cells, but also increases the number of cells that respond to glu- 
cose.” The following account of events should therefore be 
viewed in the context of this synergistic response. 

Evidence that glucose affects insulin mRNA levels initially 
came from in vivo experiments in which rats fasted for 4 days exhib- 
ited decreased insulin mRNA levels which could be restored to nor- 
mal on refeeding or injection of glucose.’*° In vitro studies!” con- 
firmed that this occurred through stabilization of insulin mRNA and 
through effects on the rate of transcription of the insulin gene.'** In- 
sulin mRNA is relatively stable, with a half-life of about 30 hours: 
however, its half-life was almost threefold longer in islets incubated 
in 17 mmol glucose compared with 3 mmol glucose.'" Direct effects 
of glucose on gene transcription were demonstrated by using tran- 
scription run-on assays or transfection of plasmid constructs contain- 
ing insulin promoter fragments joined to a reporter gene encoding 
chloramphenicol acetyl transferase (CAT) or firefly luciferase. '°"!* 

A glucose-responsive element was originally mapped to the 
E2/A4/A3 (—196 to —247) region of the rat insulin I gene pro- 
moter in transfected neonatal rat islets.'°' Part of this response re- 
sults from the binding at the E2 site of a protein complex that in- 
cludes the bHLH protein E47 (probably BETA2/E47). Subsequent 
studies suggested that multiple regulatory elements interact with 
each other to elicit a full transcriptional response to glucose.'™ Ii 
has also been shown that the binding of the yet-to-be-characterized 
factor RIPE3b! to its recognition sequence (the C! box) in the rat 
insulin II promoter may be regulated by glucose.'™ The fact that 
RIPE3b1 DNA-binding activity is inhibited by the oxidizing agen! 
diamide and the alkylating agent N-ethylmaleimide suggests tha! 
changes in the redox state of the cell may contribute to the regula- 
tion of the insulin promoter by nutrients.’ 

There is also very strong evidence that the homeodomain tran- 
scription factor PDX1 plays a major role in linking nutrient metab. 
olism in the B cell to the regulation of the insulin gene.'°~'™ 
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Melloul and colleagues’ demonstrated that glucose stimulated 
the DNA binding activity of a factor (GSF) which was subse- 
quently identified as PDX1.'® Glucose activation of PDX1 oc- 
curred rapidly (within 10-15 minutes) and involved phosphoryla- 
tion of the transcription factor.'®’ The effects of glucose could not 
be mimicked by cyclic AMP-clevating agents or tumor-promoting 
phorbol esters, suggesting that neither cyclic AMP-dependent 
protein kinase nor protein kinase C was involved. The mechanism 
by which glucose stimulates PDX1 DNA binding activity and in- 
sulin promoter activity has recently been elucidated. It involves a 
stress-activated protein kinase pathway in which SAPK2 (also 
known as RK/p38) plays a critical role,'”’ although this has been 
disputed.'”') SAPK2 is a member of an expanding family of 
MAP kinase-related kinases that are activated in response to ad- 
verse stimuli such as heat, osmotic shock, ultraviolet light, and 
DNA-damaging reagents, and by proinflammatory cytokines that 
are produced under conditions of stress.'”? In B cells, activation 
of the SAPK2 pathway by glucose involves phosphatidylinosi- 
tol-3-kinase (PI-3-kinase), while activation by stress (e.g., treat- 
ment with sodium arsenite) is independent of PI-3-kinase. Interest- 
ingly, activation of recombinant PDX1 by SAPK2 in vitro is 
associated with an increase in molecular mass from 31 kd to 46 kd. 
This increase in mass is also seen in vivo, where the 31-kd form of 
PDX! is present in the cytoplasm of low glucose treated islets. 
Upon transfer to high glucose, PDX1 is rapidly (within 10-15 min- 
utes) converted to an active phosphorylated 46-kd form that is pres- 
ent predominantly in the nucleus.'”*'’* Other metabolizable nutri- 
ents that induce insulin secretion (including xylitol, fructose, and 
pyruvate), as well as insulin itself, activated PDX1 DNA-binding 
activity and insulin promoter through PI-3-kinase.'” It is unclear 
whether the effects of glucose and insulin are additive or whether 
glucose activates PI-3-kinase and insulin gene transcription by 
stimulating insulin secretion that then acts via an autoregulatory 
loop.'”° 

Glucose and other nutrients stimulate the biosynthesis of 
proinsulin'’”'”* and a number of other proteins, including the se- 
cretory granule membrane protein SGM110'” and chromogranin 
A.'*° There may be a general, but relatively weak, stimulatory ef- 
fect on the synthesis of a large number of islet proteins, along with 
a rapid and strong stimulation of proinsulin biosynthesis.'*' The 
biosynthesis of proinsulin is coupled to secretion insofar as many 
insulin secretagogues also stimulate proinsulin biosynthesis. How- 
ever, the transducing systems differ in a number of respects. First, 
glucose-stimulated insulin release is inhibited in a Ca**-free 
medium, whereas biosynthesis is still activated. Second, tolbu- 
tamide and phosphodiesterase inhibitors, such as isobutylmethyl- 
xanthine (IBMX), potentiate glucose-stimulated insulin release by 
increasing islet cyclic AMP levels, but do not affect proinsulin 
biosynthesis. Third, the threshold for glucose-stimulated insulin 
secretion (4.2-5.6 mmol) is higher than that for proinsulin synthe- 
sis (2.5-3.9 mmol). The point of divergence appears to occur early 
in the B-cell metabolic signaling pathway. '*? 

The molecular mechanisms whereby glucose stimulates 
translation of preproinsulin mRNA are not well understood. 
Translation initiation factors may be involved. The activity of the 
guanine exchange factor elF2B is stimulated rapidly (within 15 
minutes) and over the same range of glucose concentrations that 
stimulate proinsulin synthesis.'** EIF2B facilitates the exchange 
of GTP between inactive and active forms of elF-2, the factor in- 
volved in mediating the binding of the initiator Met-tRNA to the 
40S ribosomal subunit. In other systems the activity of eIF2B is 


modulated by phosphorylation of its subunit e[F2a; however, in 
islets, glucose stimulates eIF2B by an alternative mechanism that 
does not involve phosphorylation of eIF2a. Another factor, 
eIF4E-BP1, which is also known as PHAS-1, is phosphorylated 
in response to glucose in  cells.'*4 EIF4E-BP1 is a protein that 
binds and inhibits the activity of eIF4E, a component of the 
mRNA cap site recognition complex. Phosphorylation of eIF4E- 
BPI causes it to dissociate from elF4E. Glucose-stimulated phos- 
phorylation of elF4E-BP1 is dependent on the presence of amino 
acids, and may be mediated via insulin acting on the B cell. Thus, 
as for effects on insulin secretion and gene transcription, insulin 
release from the 8 cells may activate an insulin-receptor signal- 
ing pathway to autoregulate its own biosynthesis. The activated 
elF4E forms part of a complex that in addition to recognizing the 
mRNA cap site, also unwinds secondary structure within the 5’ 
untranslated region of the mRNA. The selective effects of glu- 
cose on proinsulin may therefore be based on the presence of 
stem loop structures within the S’UTR of  preproinsulin 
mRNA.'*° 


The Insulin Gene and Diabetes Mellitus 


There are several aspects of the regulation of insulin gene expres- 
sion and B-cell transcription factors that may relate to a better un- 
derstanding of the development of type | (T1DM) and type 2 dia- 
betes mellitus (T2DM). As a result of a genome-wide search, a 
number of loci (around 18) that confer susceptibility to T1 DM 
have been described.'*° Of these, the TIDM 1 locus within the 
major histocompatibility complex on chromosome 6p21, and the 
T2DM 2 locus within the insulin gene region on chromosome 
11p15 have the most powerful effects. The T2DM 2 locus has been 
further mapped and identified as allelic variations in the insulin 
VNTR. There are two main classes of VNTR allele: class I (26-36 
repeats) and class III (140-200 repeats). The class I VNTRs confer 
an increased risk of T1DM, while class II] VNTRs are dominantly 
protective. '8” As described above, the VNTR (or ILPR) is tran- 
scriptionally active in B cells,'**!*? with the shorter class I allele 
appearing to exhibit stronger transcriptional activity than the class 
III allele,” although not in all studies.'** The reason why the class 
III allele should provide protection against T1DM has proved puz- 
zling until it was recently discovered that insulin mRNA (along 
with that of other B cell autoantigens such as GAD, ICA69 and 
1A2) was expressed at low levels in human fetal thymus.'?!-!? In 
the thymus, as opposed to the 8 cell, the class III allele was associ- 
ated with higher insulin mRNA levels. Expression of the insulin 
gene in the thymus may serve to enhance immune tolerance to 
proinsulin, which is a major autoantigen in T1DM, by deletion of 
autoreactive thymocytes or the generation of regulatory T lympho- 
cytes. This would provide a plausible explanation for the protective 
influence of the class II] VNTR allele in TIDM. 

A number of lines of evidence suggest that the homeodomain 
protein PDX! is a potential factor contributing to the pathogenesis 
of diabetes mellitus.'”? The key role of this transcription factor in 
islet cell ontogeny is emphasized by the demonstration that in 
mouse gene inactivation models’?! and in a human subject with a 
homozygous mutation in the pdx/ gene the pancreas fails to de- 
velop.'™ In the adult, PDX1 is expressed primarily in the B cell, 
where it regulates expression of a number of genes that are prefer- 
entially expressed in the B cell, including insulin, GLUT-2, gluco- 
kinase, and islet amyloid polypeptide. It also mediates the activa- 
tion of the insulin gene by glucose (see above). In B cells cultured 
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for prolonged periods in high glucose, expression of the insulin 
gene is repressed,'”* as is expression of PDX1,'"° and another in- 
sulin gene regulatory protein, RIPE3b1.'°’ This suggests that the 
glucotoxic effects of prolonged hyperglycemia on the ß cell, as 
seen in T2DM, may be mediated in part by repression of PDX1.'%8 

Mutations in PDX! have been found in patients with maturity 
onset diabetes of the young (MODY4),!”” a monogenic early onset 
form of T2DM. Three other forms of MODY have been described 
with mutations in the genes encoding glucokinase (MODY2),7” 
and the transcription factors HNFla (MODY3) and HNF4a 
(MODY 1).2"! The discovery of mutations in PDX1,7°??9 HNFla, 
and HNF4a in MODY families stresses the importance of tran- 
scription factors in the pathogenesis of certain forms of T2DM. 
This is further emphasized by the finding that heterozygous (+/—) 
pdxl mice injected intraperitoneally with 20 mmol glucose re- 
mained hyperglycemic for up to 2 hours, while normal control 
mice returned to euglycemia within this time period.”™ As well as 
regulating development of the endocrine pancreas, PDX1 also ap- 
pears to play a key role in glucose homeostasis in the adult.(See 
Chapt. 21). 


MUTATIONS IN THE INSULIN GENE 


H.S. Tager and his associates were the first to identify a structurally 
abnormal insulin in the circulation and pancreas of a patient with 
mild diabetes associated with elevated insulin levels.” These and 
similar studies have led to the definition of a new clinical syndrome 
of familial mild hyperinsulinemic diabetes that is now considered 
to be a form of MODY, but often resembles T2DM.””””” Affected 
individuals have high circulating immunoreactive insulin levels 
and decreased C peptide:insulin ratios, resulting most likely from 
the delayed turnover, in vivo, of circulating insulin variants due to 
their impaired receptor binding properties.” The disorder is inher- 
ited in an autosomal dominant fashion within families, consistent 
with the Mendelian distribution of a defective allele. 

In all cases studied a single nucleotide substitution occurs in 
only one of the two insulin gene alleles, leading to a single amino 
acid replacement within the insulin molecule.?”” 2°?!” The abnor- 
mal insulins generated by these missense mutations are all charac- 
terized by a very low binding potency, below 5% of normal, as 
demonstrated by direct assays.7''*'* However, the replacements 
occur at different sites within the insulin molecule [at residues B24 
(Phe —> Ser), B25 (Phe > Leu), and A3 (Val — Leu)], and the af- 
fected individuals thus far have all been heterozygous for the de- 
fective gene. It is evident from the high incidence of mild diabetes 
or glucose intolerance among the affected individuals in these fam- 
ilies that the presence of a defective insulin allele can be a signifi- 
cant predisposing factor to the development of diabetes. 

Other insulin variants have been identified that give rise to ele- 
vated circulating proinsulin, with or without clinically significant 
carbohydrate intolerance.”'*?'4 These families also exhibit an auto- 
somal dominant pattern of inheritance, and in several cases the de- 
fect has been localized to the C peptide-A chain conversion site in 
the proinsulin molecule, where the arginine of the Lys-Arg pair 
recognized by the converting enzyme has been replaced by another 
amino acid (histidine or leucine), rendering this site uncleav- 
able.?'*?'© A very rare form of hyperproinsulinemia in which a 
point mutation changes the histidine at position 10 of the B chain to 
aspartic acid has also been identified in one family.”'’?"® This is a 
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particularly interesting mutation since the resultant proinsulin mo 
ecule retains the normal paired basic residues, but is not processe 
efficiently due to a defect in its sorting into secretory granule: 
which leads to its increased secretion as intact proinsulin via cor 
stitutive pathways.?!”?? In this case the insulin (or proinsulin) hz 
approximately fourfold elevated relative receptor binding potenc 
and there is no evidence of its association with diabetes. 

The study of insulin variants has led to significant revisions i 
previous theories regarding the location of the receptor binding re 
gion in the insulin molecule, as discussed earlier, and has als 
provided direct evidence that receptor-mediated uptake and degr: 
dation of insulin’?! is a major pathway of insulin metabolist 
in vivo. The frequency of insulin gene mutations in diabetic popt 
lations appears to be quite low, probably less than 0.1% of pz 
tients. 

Recent studies using the new technique of SSCP (singl 
strand conformational polymorphism) analysis to characteriz 
variability in the insulin gene in 100 African-Americans wit 
T2DM have revealed the existence of significant variations in th 
promoter region and exons 1, 2, and 3.?”*??5 No significant var. 
ants were found in any of the coding sequences, although a siler 
G to A substitution (allele frequency, 6%) was detected in th 
codon for Alal0 of the signal peptide. Several promoter variant 
were also found, some of which exhibited significantly reduce 
insulin promoter activity (38-44% of normal). Thus naturally oc 
curring promoter variants that reduce insulin gene expression ma 
contribute to a small proportion of diabetics in some ethni 
groups. (See reference 15 for more information on insulin gen 
mutations.) 


IAPP/AMYLIN: A NEW SECRETORY 
PRODUCT OF THE B CELL 


Evidence has accumulated indicating that B cells secrete sma 
amounts of a number of other peptides and proteins in addition t 
insulin. Some of these are unique to the islet B cells, while other: 
such as chromogranin A, are expressed in other neuroendocrin 
cells and neoplasms.”””° The role of these accessory secretor 
proteins is not understood, but they may have roles in normal phys 
iology or in the formation and organization of the secretory granul 
and/or the processing of prohormones. 

Considerable recent attention has been focused on one of thes 
in particular, a novel neuropeptide-like molecule known as isle 
amyloid polypeptide (IAPP), or amylin (Fig. 3-9). This peptid 
was first identified as a major protein constituent of the amyloi 


FIGURE 3-9. Primary structure of human islet amyloid polypeptide (IAP 
or amylin). 


Human IAPP 
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SigPep N-ProPep 1APP C-ProPep 


5'-UT SP IAPP 3'-UT Alu Sequence 


FIGURE 3-10. A. Schematic structure of the pre- 
cursor of human islet amyloid polypeptide 


e: SUT ASP IARR Se OT (LAPP). The arrows indicate the cleavage sites 
IAPP gene o B for generating the mature IAPP sequence. B. 

Schematic representation of the mRNA encoding 

5’UT SP N-propeptide CT CGRP 3'UT preprolAPP. indicating its relation to the exons 

CT/CGRP-1 gene D 2] 3] a | s] 6) of the 1APP gene. C. Comparison of IAPP and 


5‘UT SP N-propeptide 


CGRP-2 gene 


LI. 


deposits that occur in the islets of elderly diabetics (those having 
type 2 diabetes, previously called non-insulin-dependent dia- 
betes mellitus) and in many benign insulinomas of the pancreas, 
as well as in the normal pancreata of elderly individuals (see 
Chap. 17). The presence of amyloid-like material was first 
observed in diabetic human pancreata as early as 1901 by the 
pathologist Opie,”"! but it was not until 1986 that this material was 
successfully extracted for analysis.” When soluble extracts were 
analyzed, they were found to consist of a single peptide, IAPP, 
which when sequenced turned out to be related to the 37-amino- 
acid neuroendocrine peptides calcitonin gene-related peptide 
(CGRP) | and 2 (Fig. 3-10). The CGRP-I is a second prod- 
uct of the calcitonin type I gene, derived through an alternative 
splicing event that occurs mainly in neural tissues.7** As a result 
of this process, a calcitonin-encoding exon (exon 4) is replaced by 
another encoding CGRP (exon 5) to produce an mRNA encoding a 
preproprotein that gives rise to CGRP via proteolytic processing at 
paired basic residues.” 

The decoding of the amino acid sequence of IAPP led to the 
identification of both the cDNA and the chromosomal gene encod- 
ing this hormone-like polypeptide in man.?**?"* In addition, 
cDNAs encoding IAPP precursors from a number of mammalian 
species have been described.”****°**” PreproIAPP is a typical neu- 
roendocrine precursor having a signal peptide followed by a short 
propeptide ending in Lys.Arg before the [APP sequence, which is 
then followed by Gly.Lys.Arg and another short propeptide region 
(Fig. 3-10A). The glycine residue at the C terminus of the IAPP 


GRP 3’UT 


CGRP gene structures. The ancestral gene of this 
superfamily may have been organized similarly 
to that of the CGRP-2 gene. 5’UT, 5 untranslated 
region: SP. signal peptide; CT, calcitonin. 


domain in the precursor is the hallmark signal for carboxyamida- 
tion, a feature also seen in the CGRPs.***?*” Comparison of the se- 
quences of several mammalian I[APPs and CGRPs revealed exten- 
sive sequence similarities, but also canonical sequence differences. 
This pattern suggests that separate, but related, tissue receptors 
may exist for these peptides. The single gene encoding JAPP in 
man (Fig. 3-10C) is located on the short arm of chromosome 
12,778 which is believed to be an evolutionary homologue of 
chromosome 11, where the CGRP-1 and -2 genes are located.” 
Thus the available evidence strongly supports the divergence of 
IAPP, CGRP, and calcitonin from a common ancestral gene. 


Biosynthesis and Levels of IAAP in Islets 


The IAPP precursor is transferred along with proinsulin into newly 
forming secretory vesicles in the trans Golgi of the B cells, where 
it is then processed by the same enzymatic machinery as proinsulin 
to release the mature 37-residue carboxyamidated peptide. It is 
then stored in the insulin granules and subsequently secreted to- 
gether with insulin.”° Very low levels of IAPP mRNA have also 
been detected in the stomach and other regions of the gastrointesti- 
nal tract, in the lung, and also in the dorsal root ganglia of the 
spinal cord.™"! 

The relative levels of [APP in the 8 cell appears to be only a 
few percent of the level of insulin. High-performance liquid chro- 
matography (HPLC) analysis of freshly isolated rat islets shows 
amounts of IAPP that are in the range of 1-2% those of insulin.” 
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Biosynthetic labeling experiments in islets have also corroborated 
these low levels of IAPP expression relative to insulin [R. Carroll 
and D.F. Steiner, unpublished results]. Most studies”? 7“ agree 
that the levels of IAPP are in the range of 0.2-3% of the level of in- 
sulin in normal adult rat islets or normal human pancreas. Studies 
with isolated rat islets have shown that IAPP secretion is stimu- 
lated by glucose and that IAPP amounts to about 5% of the amount 
of insulin released in 1 hour at 16.7 mmol glucose (see Chap. 
21. 

The question of whether IAPP inhibits insulin secretion from 
the islets of Langerhans has been controversial because the doses 
required for this effect in most studies are relatively high. However, 
recent studies on IAPP knockout mice lend support to this idea.” 
Both male and female IAPP ~’~ mice have normal basal levels of 
circulating insulin and glucose, but males exhibit an increased in- 
sulin response to glucose administration and more rapid glucose 
disappearance in oral and IV glucose tolerance tests. These find- 
ings indicate an autocrine or paracrine suppression of insulin secre- 
tion by IAPP under normal physiological conditions. Interestingly, 
male IAPP-deficient mice showed a 20% increase in body mass, 
possibly as a consequence of increased insulin secretion or an ef- 
fect of IAPP on food intake” (see Chap. 10). 

TAPP inhibits insulin-stimulated glucose uptake and glycogen 
synthesis in rat muscle in vitro, an effect it shares with CGRP.7“84? 
In whole animals, efforts to modify glucose tolerance with IAPP 
infusion have met with mixed success but usually require supra- 
physiologic doses of IAPP. In IAPP knockout mice, insulin sensi- 
tivity was not altered in insulin tolerance tests.”“° Other observed 
effects of IAPP are vasodilation, an effect it shares with CGRP, and 
lowering of serum ionized calcium, an effect it shares with calci- 
tonin. IAPP can produce hyperglycemia in rats, evidently through 
mobilization of muscle glycogen to lactate, and thus might syner- 
gize with glucagon to enhance its hyperglycemic effects. This hy- 
perglycemic effect has not been observed in humans treated with 
TAPP. Its major in vivo effect is a strong inhibition of gastric emp- 
tying and inhibition of glucagon secretion*°?*! at physiologic 
levels, which is under consideration as a potential treatment for 
diabetes. 

In summary, studies thus far suggest that IAPP may exert a 
mild insulinostatic effect in the islets. It also has a glucagonostatic 
effect which may be mediated via the CNS through efferent vagal 
activity.2°' Because of its structural relatedness to CGRP, IAPP at 
pharmacological! levels may interact with CGRP receptors to pro- 
duce some of the peripheral effects that have been attributed to it. 
Recent efforts to identify amylin receptors indicate the existence of 
a novel mechanism for regulating its actions via receptor activity- 
modifying proteins, or RAMPs, which interact with certain calci- 
tonin receptor isoforms to generate high-affinity IAPP recep- 
tors.?>?-?54 Seven helix receptors with high intrinsic [APP binding 
affinity have not yet been unambiguously identified, but binding is 
high in the nucleus accumbens and several other brain areas**"?*° 
that are accessible via the systemic circulation. However, much 
further study will be required to clarify the mechanism and physio- 
logical significance of these observations. 


Mechanisms of Amyloid Formation 


Several studies”*’°*? have indicated that islet amyloid formation 


occurs more prominently in spontaneously diabetic animals and 
preferentially in certain species, including man and several species 
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of nonhuman primates, as well as cats and raccoons. Interesting 
the IAPP sequences in these species differ most significantly in! 
region that has been defined as amyloidogenic (residues 20-29) 
studies of Glenner and associates and of Westermark 2 
coworkers”*! (see Chap. 17).°*? Synthetic peptides from this regi 
had the greatest tendency to form fibrillar stacked B pleated sh 
structures similar to those occurring in amyloid. Although in n 
mal 8B cells, IAPP is localized within the insulin secretory gri 
ules,” fibrillar immunoreactive amyloid deposits have be 
noted primarily extracellularly, although some have been repon 
within the cytoplasm of B cells of some patients with T2DM 
Clark and colleagues.“ Others have noted the proximity of an 
loid deposits to the B cells, suggesting that it has arisen from thi 
cells either by secretion or some other means of deposition.”°" 
Clark and associates” have found IAPP immunoreactivity in ly: 
somes and lipofuscin bodies within the B cells of the islets of bi 
normal and diabetic individuals and have suggested that amyl 
may begin to form during the intracellular degradation of secret 
granules, as occurs in the normal tumover of unused secret 
products, a process known as crinophagy. 

Transgenic mice overexpressing the human isoform of [APP 
their B cells in vivo by driving expression with the rat insulin I ge 
promoter have been reported to form amyloid deposits in so! 
strains, but not in others.“°’?”° However, when cultured in vi 
at elevated glucose concentrations or implanted under the re: 
capsule in nude mice, islets from transgenic mice expressi 
human IAPP produce extracellular deposits typical of amyl 
fibrils. ”™”? Human islets implanted in nude mice also rapit 
develop islet amyloid deposits, especially with hyperglycemia, 
raising a possible caveat to some human islet transplantation stra 
gies in diabetes. One possible factor in in vivo fibril formation 
the degree of elevation of the level of expression of hIAPP in | 
mouse £ cells. More recent studies have shown that high-fat di 
and hyperglycemia favor the formation of islet amyloid deposits 
hIAPP transgenic mice.’”* The intragranular environment also 
fluences the formation of hIAPP fibrils;?” hence alterations asso 
ated with hyperglycemia and/or diabetes may favor the nucleati 
of deposits. 

Just why diabetes leads to amyloid deposition remains ı 
clear,” but the reason may be related to hypersecretion of IA 
associated with hyperglycemia in conjunction with other as yet ı 
known factors that may enhance B fibril accumulation, such as d 
turbed islet microcirculation. Although earlier studies failed to 
veal any abnormalities in the predicted sequence of IA 
precursors in 25 type 2 diabetic patients,” a more recent study | 
reported a Ser > Gly mutation at position 20 of IAPP in 4.1% 
Japanese patients with type 2 diabetes.””* Thus abnormalities in | 
structure of IAPP or its precursor forms may occur, but are likely 
be a minor contributing factor to diabetes. A more interesting pi 
sibility is that altered proteolytic processing of proIAPP by P 
and PC3 may occur under certain conditions,”””**' giving rise 
incompletely processed intermediate products with altered agg 
gation properties and/or bioactivity. Amyloid deposits occur in | 
islets during normal aging and appear to be similar to those in d 
betic subjects, but are usually much less abundant.?*? 24? 
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CHAPTER 4 


Beta-Cell Function and Insulin Secretion 


Bo Ahren 
Gerald J. Taborsky, Jr. 


In this chapter we shall describe the mechanisms by which the beta 
cells (B cells, B cells) of the islets of Langerhans of the pancreas 
synthesize and secrete insulin in response to changes in the meta- 
bolic state of the organism. Although insulin is made by the same 
peptide synthetic mechanisms as in other cells, B cells are unique 
in that insulin synthesis is stimulated by increases in the blood 
glucose level. Furthermore, B cells possess a complex set of mech- 
anisms (Fig. 4-1) by which glucose metabolism controls membrane 
electrical activity, calcium uptake, and insulin release. The B cell is 
also remarkable in its sensitivity to a host of other plasma metabo- 
lites, hormones, and neurotransmitters that participate in the con- 
trol of peripheral metabolism. The £ cell integrates input from 
these stimuli to synthesize and secrete the amount of insulin 
needed to regulate plasma nutrient levels and systemic metabolic 
processes under a full range of physiologic conditions. 


ANATOMY OF THE ISLETS OF LANGERHANS 
B Cells and Other Endocrine Cells 


In all mammalian species, pancreatic B cells are found in the islets 
of Langerhans, ' which are discrete clusters of endocrine cells scat- 
tered throughout the pancreas but found most abundantly in the tail 
of the pancreas. Although both pancreatic endocrine and exocrine 
cells are important for fuel absorption and metabolism, their nearly 
universal anatomical association remains largely unexplained. The 
islets number from 100,000—2,500,000 per pancreas, vary in size 
from about 50-300 um in diameter, and contain from hundreds to 
a few thousand hormone-secreting endocrine cells. A delicate con- 
nective tissue sheath separates the islet cells from the acinar cells 
of the surrounding exocrine pancreas. Islets receive sympathetic 
and parasympathetic nerves and are maintained by an arterial blood 
supply that branches into a rich, intraislet capillary bed. Venous ef- 
ferents from smaller islets pass through neighboring pancreatic 
exocrine acini before emptying into the portal venous system; ef- 
ferents from larger islets pass directly to the portal system. Islet 
hormones therefore arrive in high concentrations in the liver and 
parts of the exocrine pancreas before reaching peripheral tissues. 
Because the liver degrades and clears a large fraction of the insulin 
that it receives, peripheral insulin levels are considerably lower 
than found in the portal vein. 

The islets are a densely packed collection of peptide-secreting 
endocrine cells, all of which are involved in metabolic regulation. 


The insulin-secreting B cells are the most abundant and constitute 
from 70-90% of islet endocrine cells. The less numerous a cells (01 
A cells) secrete glucagon and make up the bulk of the remaining 
cells. The remaining islet cells include 8 cells (or D cells), which se- 
crete somatostatin, and F cells, which secrete pancreatic polypep: 
tide (PP). In rodent islets, but less obviously in human islets, B cell: 
tend to be located in a central core with a cells nearer the islet’! 
surface along with 8 and F cells. The various islet secretory cell: 
are packed very closely together with a common, but very narrow 
extracellular space that may allow hormones secreted by one cel 
to diffuse directly to other cells and affect their behavior in : 
“paracrine” manner. Further intraislet communication and coordi- 
nation between islet cell types is also possible via cell-cell gap junc- 
tions, which can conduct small molecules and bioelectrical signals. 

All islet cell types share the classic features of other peptide- 
secreting cells. The B cells are from 10-15 um in diameter anc 
have a prominent nucleus, rough endoplasmic reticulum (RER) 
and Golgi apparatus. As described in Chap. 5, these structure: 
synthesize, package, and store the peptide hormones in numerou: 
membrane-bound secretory granules (known as secretory vesi- 
cles), which share the cytoplasmic space with a large complemen: 
of mitochondria. Although the various islet cell types are remark- 
ably similar in most details, the appearance of the quarter- 
micron-diameter (250 nm) secretory granules differs. The insulir 
in B-cell granules appears as electron-dense crystals surroundec 
by an electron-lucent halo. Glucagon in a-cell granules more 
nearly fills the granular space with an electron-dense spherica 
core. The cores of 8- and F-cell granules are spherical but muct 
less dense in appearance. 


Circulatory, Neural, and Intraislet Inputs 


The islet arterial blood supply is carried through a neurovasculat 
stalk before breaking into arterioles. The arterioles pass througt 
the non-B-cell rim before bifurcating into fenestrated capillaries 
which pass into the B-cell—rich islet interior. Morphological work’ 
suggests that B cells are polarized such that afferent capillaries 
first pass the cell side, which is presumably enriched with various 
membrane receptors. After passing several B cells in this manner 
the capillaries tum back toward the islet surface and pass the se- 
cretory poles of the B cells, where insulin is secreted and diffuses 
into the capillary. Plasma containing freshly secreted insulin is 
then carried to the receptor poles of a cells, and then 8 cells (anc 
F cells) as the capillaries approach the islet’s surface. Glucagor 
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FIGURE 4-1. A simplified schematic view of signaling pathways in the B cell activated by external stimuli. All il- 
lustrated receptors are not always expressed in the same B cells. Abbreviations: AA = arachidonic acid, AC = 
adenylate cyclase, ACh = acetylcholine, ADP = adenosine diphosphate, ATP = adenosine trisphosphate, CaMK = 
calmodulin kinase, cAMP = cyclic adenosine monophosphate, CCK = cholecystokinin, CPT-! = camitine palmi- 
toy] transferase-1, DAG = diacylglycerol. ER = endoplasmic reticulum. FFA = free fatty acid. G-6-P = glucose- 
6-phosphatc. GLP-! = glucagon-like peptide-1, GLUT-2 = glucose transporter 2, GRP = gastrin-releasing 
polypeptide, IGF-] = insulin-like growth factor-1. IP, = inositol-|.4.5-trisphosphate, IRS-1 = insulin receptor 
substrate-], IRS-2 = insulin receptor substrate-2, LC-CoA = long-chain coenzyme A, PACAP = pituitary adenyl- 
ale cyclase-activaling polypeptide, PDE3B = phosphodiesterase 3B, PI-3-K = phosphatidylinositol-3-kinase, 
PIP, = phosphatidyl inositol-4,5-biphosphate, PKA = protein kinase A, PKB = protein kinase B, PKC = protein 
kinase C, PLA, = phospholipase A>, PLC = phospholipase C, SUR = sulfonylurea receptor, TCA = tricarboxylic 
acid cycle. TG = triglyceride pool, VIP = vasoactive intestinal polypeptide. For further details, see text. 


and somatostatin (and pancreatic polypeptide) are secreted and 
enter the plasma stream by diffusing into superficial venules lying 
underneath the islet’s capsule. The implication of this vascular 
arrangement is that B cells, which are stimulated by glucagon and 
inhibited by somatostatin, may respond to circulating, but not 
locally secreted, glucagon and somatostatin. Superficial a and 
ô cells, on the other hand, may respond to locally secreted insulin, 
which reaches them either by the intraislet capillary circulation or 
by diffusion (a paracrine effect). 

Parasympathetic and sympathetic nerves of the autonomic 
nervous system also pass through the islet’s neurovascular stalk. 
These nerves do not form classical synapses with islet cells, but do 


have specialized release sites as they pass near islet cells. Via these 
nerves, the central nervous system modulates islet hormone release 
using a variety of neurotransmitter receptor mechanisms; mus- 
carinic receptors for acetylcholine (ACh) released from parasym- 
pathetic nerves can potentiate glucose-induced insulin release. 
Activation of a-adrenergic receptors by norepinephrine (from sym- 
pathetic nerves) and epinephrine (from the adrenal medulla) in- 
hibits insulin secretion, while activation of B-adrenergic receptors 
(by the same neurohormone) stimulates insulin secretion. B cells 
also possess a variety of receptors for neuropeptides that may be 
coreleased with the classical autonomic neurotransmitters. For 
example, in some species galanin inhibits, and vasoactive intestinal 
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FIGURE 4-1. A simplified schematic view of signaling pathways in the B cell activated by external stimuli. All il- 
lustrutcd receptors are not always expressed in the same B cells. Abbreviations: AA = arachidonic acid, AC = 
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toyl transferase-1, DAG = diacylglycerol. ER = endoplasmic reticulum. FFA = free fatty acid, G-6-P = glucose- 


6-phosphate. GLP-1 = glucagon-like peptide-], GLUT-2 = glucose transporter 2, GRP = gastrin-releasing 
polypeptide. IGF-1 = insulin-like growth factor-1. IP, = inositol-1,4,5-trisphosphate, IRS-1 = insulin receptor 
substrate-1, IRS-2 = insulin receptor substrate-2, LC-CoA = long-chain coenzyme A, PACAP = pituitary adenyl- 
ate cycluse-activating polypeptide. PDE3B = phosphodiesterase 3B, PI-3-K = phosphatidylinositol-3-kinase, 
PIP, = phosphatidyl inositol-4,5-biphosphate, PKA = protein kinase A, PKB = protein kinase B, PKC = protein 
kinase C, PLA, = phospholipase A>, PLC = phospholipase C, SUR = sulfonylurea receptor, TCA = tricarboxylic 


acid cycle, TG = triglyceride puol, VIP = vasoactive intestinal polypeptide. For further details, see text. 


and somatostatin (and pancreatic polypeptide) are secreted and 
enter the plasma stream by diffusing into superficial venules lying 
underneath the islet’s capsule. The implication of this vascular 
arrangement is that B cells, which are stimulated by glucagon and 
inhibited by somatostatin, may respond to circulating, but not 
locally secreted, glucagon and somatostatin. Superficial a and 
8 cells, on the other hand, may respond to locally secreted insulin, 
which reaches them either by the intraislet capillary circulation or 
by diffusion (a paracrine effect). 

Parasympathetic and sympathetic nerves of the autonomic 
nervous system also pass through the islet’s neurovascular stalk. 
These nerves do not form classical synapses with islet cells, but do 


have specialized release sites as they pass near islet cells. Via these 
nerves, the central nervous system modulates islet hormone release 
using a variety of neurotransmitter receptor mechanisms; mus- 
carinic receptors for acetylcholine (ACh) released from parasym- 
pathetic nerves can potentiate glucose-induced insulin release. 
Activation of a-adrenergic receptors by norepinephrine (from sym- 
pathetic nerves) and epinephrine (from the adrenal medulla) in- 
hibits insulin secretion, while activation of B-adrenergic receptors 
(by the same neurohormone) stimulates insulin secretion. B cells 
also possess a variety of receptors for neuropeptides that may be 
coreleased with the classical autonomic neurotransmitters. For 
example, in some species galanin inhibits, and vasoactive intestinal 
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polypeptide (VIP), pituitary adenylate cyclase—activating polypep- 
tide (PACAP) and gastrin-releasing polypeptide (GRP) stimulate, 
insulin secretion (see Chap. 8). Islets are also innervated by sensory 
nerves, which contain the neuropeptides, substance P, and calci- 
tonin gene-related peptide (CGRP). These sensory nerves reach the 
spinal cord via the splanchnic nerves. Studies with the neurotoxin 
capsaicin, which destroys small unmyelinated sensory nerve fibers, 
result in a potentiation of glucose-stimulated insulin secretion in 
mice, suggesting that they tonically restrain insulin secretion.* 


INTRACELLULAR CONTROL OF INSULIN 
SYNTHESIS AND SECRETION 


Synthesis and Packaging in Secretory Granules 


As in other peptide-secreting cells, B cells synthesize insulin via a 
complex process (see Chap. 3) that begins with transcription of the 
DNA insulin gene to messenger RNA (mRNA) in the cell nucleus. 
Glucose stimulates the transcription of both human and rodent in- 
sulin genes, as does glucagon-like peptide 1(GLP-1).° Some of this 
stimulation occurs through a cyclic AMP response element in the 
insulin gene promoter,” and some stimulation occurs through trans- 
activation factors,’ such as islet duodenum homeobox-1 (IDX-1), 
pancreas duodenum homeobox-containing transcription factor-! 
(PDX-1), and fibroblast growth factor (FGF), and signals from de- 
velopmental morphogenic proteins known as hedgehogs (Hh).’? 

In the ribosomes of the RER, the mRNA is translated to the 
large peptide preproinsulin. This process is stimulated by glucose 
through phosphorylation of two translation factors, called eIF-2B 
and PHAS-1/eIF-4E-BP.'°'! Glucose’s stimulation of translation 
makes a significant contribution to preproinsulin synthesis. !°-!? 
After preproinsulin is formed, the signal sequence (necessary for 
inserting the peptide into the RER) is cleaved, and the resulting 
proinsulin is transported to the Golgi apparatus by small mem- 
brane-bound vesicles. As the Golgi apparatus concentrates and 
packages the proinsulin into secretory granules, converting en- 
zymes begin to cleave proinsulin to yield insulin and C peptide. 
Mature secretory granules contain equimolar amounts of mature 
insulin and C peptide, with residual amounts of unconverted proin- 
sulin and proinsulin intermediates. The membrane-bound granules 
also concentrate zinc ions, which are essential for crystallizing the 
insulin, as well as protons that control the activity of the converting 
enzymes. Secretory granules have specific membrane proteins im- 
portant for their docking to the plasma membrane. In addition they 
contain high levels of calcium, the monoamines, dopamine, and 
serotonin, as well as the 36-amino-acid peptide islet amyloid 
polypeptide (IAPP). IAPP is a fibrillogenic peptide which is the 
main constituent of the amyloid seen in islets of subjects with type 
2 diabetes mellitus (T2DM).!'? However, fibrils are not normally 
found in the secretory granules, because intragranular factors pre- 
vent fibril formation.'* 

Once formed, granules enter a large cytoplasmic granule stor- 
age pool. Only 1% of this pool is available for immediate release 
upon stimulation of the cell, probably because it is located immedi- 
ately adjacent to the plasma membrane.'” The release of these gran- 
ules is thought to constitute the first phase of insulin secretion seen 
within a few minutes after stimulation with glucose. This readily re- 
leasable pool of granules is refilled from the large reserve pool, 
which is thought to account for the second phase of insulin secre- 
tion.'® Granules undergo translocation from the reserve pool by 
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microtubules and microfilaments. !” The fusion of the granules wi 
the plasma membranes requires ATP, is triggered by Ca’*, ar 
shows similarities to granule-membrane fusion in neurons.'® In tl 
B cells, the secretory granular membrane protein synaptobrevi 
and the plasma membrane proteins, syntaxin and N-ethy 
maleimide-sensitive factor attachment protein-25 (SNAP-25), pli 
major roles in this fusion. Furthermore, the granule protein, syna 
totagmin, seems to be responsible for the Ca?" sensitivity of exoc 
tosis in B cells.'*'? Older granules that are not secreted are d 
graded by fusion with lysosomes. 


Intracellular Signals That Control 
Insulin Release 


Once insulin is synthesized and packaged in granules, its exoc. 
totic release is controlled by complex interactions of several sign 
ing pathways within the B cell. This complexity allows integratic 
of complex metabolic and physiologic information, resulting in i 
insulin secretory rate appropriate for regulating metabolism. Figu 
4-1 classifies the major players in this regulation. Although the: 
players will be familiar to students of other neural and secreto: 
cells, it is safe to say that the pancreatic islet B cell is unique in tl 
specialized way it uses these systems and in the degree to whic 
these systems interact with each other. To a remarkable degree, th 
single cell is responsive to all types of neurohumoral and metabol 
inputs, whereas other neurosecretory cells are generally specialize 
to respond to only a few inputs. 

The most important function of the f cell is to respond to el 
vations of extracellular glucose by secreting enough insulin to r 
store a normal plasma glucose level. This basic pathway begi 
with mechanisms for glucose uptake and metabolism, which co: 
trols membrane ion fluxes and electrical activity. In turn these rai: 
the cytoplasmic free Ca?*, which controls the rate of the exocytos 
of insulin. This basic glucose-controlled secretory pathway for tt 
B cell is modulated by other regulatory factors, including nutrient 
hormones, or neurotransmitters. 

Once stimulated by glucose, B-cell insulin secretion can | 
augmented or inhibited by various neurohumoral inputs. Glucagc 
and other peptide hormones, as well as B-adrenergic agonists, au; 
ment insulin secretion via the cyclic AMP messenger syster 
Parasympathetic activation of muscarinic receptors augments s 
cretion via the phosphoinositide messenger system. Inhibitory r 
ceptors for several neurohumoral agents such as galanin, somat 
statin (Ss), and a-adrenergic agonists interact at several points 
these processes. Insulin secretion is also controlled by pathwa: 
activated by insulin and IGF-1, and finally, intracellular lipolys 
is of importance through the formation of lipid signals affectir 
exocytosis. 

The following paragraphs describe these subsystems and ho 
they respond to each other and to exogenous stimuli. After ov 
50 years of intense scrutiny, the B cell has only recently reveale 
some of these major findings. The full story will certainly be mo: 
complex and may remain confused by significant differences bi 
tween the “B cells” from different species and from different tran 
formed model B-cell lines used in the laboratory. The coveras 
here will of necessity be broad and pass over many secondar 
albeit important, interactions and effects. 


Glucose Uptake and Metabolism 
The B cell’s specialization for regulating blood glucose leve 
in the normal range (roughly 90 mg/dL or 5 mmol) begins at tł 
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first two steps. Glucose is transported into the B cell by the same 
insulin-insensitive facilitated transporter, GLUT-2, which is also 
found in the liver.” Although there are other glucose transporters 
in B cells, GLUT-2 carriers provide the high-capacity, low-affinity 
transport needed to nearly equilibrate glucose concentrations 
across the cell membrane to support the B cell’s very high meta- 
bolic rate. The initial phosphorylation of glucose is by an islet- 
specific, low-affinity glucokinase with high capacity,”! mutations 
of which are diabetogenic in certain populations of patients with 
maturity-onset diabetes of the young (MODY).” Although also 
present, hexokinase, which has a higher affinity for glucose, is 
largely inhibited. Thus, low-affinity glucokinase becomes the pre- 
dominant path and effectively desensitizes B-cell glycolysis to 
glucose stimulation such that half-maximal and maximal levels of 
glycolytic metabolism, although higher than in most other cells, 
require much higher levels of glucose. This in effect raises the 
threshold for subsequent metabolic signaling to other cellular sub- 
systems.”! Following phosphorylation of glucose and further me- 
tabolism, pyruvate is formed that is taken up by the mitochondria 
for oxidation. In fact, more than 90% of glucose-derived carbons 
are oxidized in the mitochondria.” Through metabolism in the tri- 
carboxylic acid cycle and transfer of reducing equivalents to the 
electron transport chain, ATP is generated. This will raise the cellu- 
lar ATP: ADP ratio, which is a key mechanism for the closure of the 
specific Karp channels. 


Membrane Ion Fluxes and Electrical Activity: 

Karp Channels and Ca Channels 

Since it was first discovered in 1968,” the triggering of B-cell 
membrane electrical activity by glucose metabolism is now understood 
to be an obligate step in the stimulus-secretion coupling of glucose- 
induced insulin secretion. The key metabolic-ionic link is the ATP- 
sensitive potassium channel (K arp), ^7” which also renders hypo- 
thalamic neurons, vascular smooth muscle, and myocardial cells 
sensitive to their metabolic states. The B-cell Karp channels are 
octamer complexes composed of four pore-forming Kir6.2 subunits, 
which form an inward rectifier K* channel comprised of 390 amino 
acids and four sulfonylurea receptor (SUR 1) subunits.7°-° 

B-Cell Karp channels are tonically open and maintain the 
B-cell resting membrane potential near the potassium equilibrium 
potential (near —60 mV). The channels, however, have two impor- 
tant receptors regulated by B-cell metabolism. One receptor is the 
Kir6.2 subunit, which binds free ATP (or free ADP. but at tenfold 
lower affinity) and closes the channel, thus allowing the cell to de- 
polarize. SURI, the second receptor subunit. binds nucleotide 
diphosphates in the presence of Mg” (such as Mg-ADP) and in- 
creases channel opening, competing with the closing effect of free 
ATP. Thus, increasing glucose levels will convert more ADP to 
ATP through glycolytic and oxidative metabolism so that the open- 
ing effect of Mg-ADP is reduced to reveal the closing effect of free 
ATP.*'*? The net closure of Karp channels depolarizes the B-cell 
membrane. 

Studies in genetically engineered mice either expressing a 
dominant negative form of Kir6.2 in the B cells or lacking Kir6.2 
have demonstrated that the Karp channels are the major determi- 
nant of the resting membrane potential in the B cells and that nor- 
mal insulin secretion after glucose requires these channels. Fur- 
thermore, even though Kir6.2 knockout mice develop only mild 
glucose intolerance, fasting hyperglycemia is seen in aged and 
obese mice lacking Kir6.2.*” Interestingly, a mutation of either the 
SURI gene or, less commonly, the Kir6.2 gene, both of which are 


located on chromosome 11, causes defective function of Karp 
channels, which is associated with the persistent hyperinsulinemic 
hypoglycemia of infancy.” 

Karp Channels are also targets for clinically important anti- 
diabetic compounds, sulfonylureas, because they close Karp chan- 
nels by binding to the SUR1,™* as do the newly developed anti- 
diabetic agents repaglinide and nateglinide. 

The depolarization due to closing of Karp channels opens 
voltage-dependent calcium (Ca) channels. At a threshold level 
of glucose near 5 mmol, the glucose-induced membrane depolar- 
ization (to about —60mV) is sufficient to trigger the opening of 
voltage-dependent L-type calcium channels in the B-cell mem- 
brane. This admits extracellular Ca?“ into the intracellular pool of 
free Ca?*, where it interacts directly with the insulin exocytotic 
machinery to fuse the insulin secretory granules to the plasma 
membrane and release insulin. 

The opening of Ca** channels is, however, coordinated to pro- 
duce rhythmic oscillations” of membrane potential consisting of 
trains of Ca?* action potentials (at frequencies between 4 and 12 
spikes per second) superimposed on depolarized “plateau” poten- 
tials. At low, suprathreshold levels of glucose (~6 mmol) the 
plateaus are brief (about 1-2 seconds long) and separated by 
“silent phases” lasting about 10 seconds. At levels of glucose that 
are half-maximal for insulin secretion, the plateaus last longer 
(5-10 seconds) and the silent phases are brief (about 5 seconds). At 
maximal levels of glucose (>15 to 20 mmol), the silent phases are 
abolished altogether and the cell remains depolarized and spikes 
persistently. The rhythmic pacing of Ca** uptake during the bursts 
of Ca?* spikes is paralleled by oscillations of the free Ca?* level 
with the cells that are synchronized throughout the islet by electri- 
cal coupling.***? The progressive increase in the Ca spiking activ- 
ity as glucose increases underlies the increase of Ca?* uptake seen 
in Ca?" flux studies. The cause of the modulation is the progressive 
closure of Karp channels as the glucose metabolic rate increases 
with the increased glucose stimulation. 

One hypothesis” is that the spike-and-burst pattern results 
from two functionally distinct L-type Ca?* channels (drawn as a 
single channel for simplicity in Fig. 4-1). The spike channel acti- 
vates rapidly and is closed almost as rapidly (within tens of milli- 
seconds) by the rapid accumulation of intracellular calcium. The 
plateau Ca?* channel also activates rapidly to produce the persistent 
plateau depolarization, but closes much more slowly (in seconds) in 
a depolarization-dependent manner to finally terminate the plateau. 
Both Ca”' channels appear to contribute to the Ca?" uptake re- 
quired for insulin secretion. Another class of B-cell K* channel (not 
shown in Fig. 4-1) is the delayed rectifier K channel, which, as for 
nerve action potentials, assists in repolarizing the Ca** spike.”' 


Calcium Metabolism 

The calcium accumulated during the spiking plateau phase is 
pumped out of the cell by membrane Ca-ATPase pumps. In addition, 
free Ca?" is taken up and stored by the cell’s endoplasmic reticulum 
(ER), where it can be released when inositol- | ,4,5-trisphosphate (IP3) 
and its related compounds activate specialized Ca?* channels in the 
membrane of the ER. By providing additional substrate for the gener- 
ation of IP}, glucose metabolism may further increase free Ca?" lev- 
els. The parallel pathway increasing the formation of cyclic AMP may 
also be of importance for the increase in cytoplasmic Ca?* after glu- 
cose activation because it has been demonstrated that cyclic AMP, 
through activation of protein kinase A (PKA), increases cytoplasmic 
Ca?* by opening the voltage-dependent L-type Ca?* channels.” 


Chapter 4 


An important consequence of the complexity of the calcium 
metabolic machinery is slow oscillations of free Ca”* level, which 
occur with a period of 5-10 minutes, roughly 10-20 times slower 
than the frequency of the bursts of electrical activity described 
above. The oscillations may be of glycolytic origin, but membrane 
ionic channels and the phosphoinositide system are likely partici- 
pants as well. The oscillations are observed as slow fluctuations of 
the intensity of membrane electrical activity,’ intermediary metab- 
olism, cytoplasmic free Ca?* level, and insulin secretory activity.“ 
These in vitro observations may explain the oscillations of islet se- 
cretory activity observed in vivo.45“ 


Insulin Secretion 

The actual release of insulin occurs by exocytosis, a process in 
which the granule membrane fuses with the cell membrane. The 
membranes are disrupted at the point of fusion and the insulin crys- 
tal is discharged to the extracellular space, leaving the granule 
membrane and its proteins inserted into the cell’s plasma mem- 
brane. The process of exocytosis is the rate-limiting step for physi- 
ologic insulin secretion, but its regulation is just now becoming 
understood. As in other secretory cells, cytoplasmic free Ca?* con- 
centration appears to be of paramount importance, yet the precise 
site of action and cofactors required for secretion are now only 
becoming known for a few model secretory systems. It is clear, 
however, for B cells, that several “second messenger” systems are 
critically important for controlling the secretory steps and for set- 
ting the sensitivity of the release sites to the prevailing free Ca?* 
level. Furthermore, studies?” indicate a yet to be identified signal(s) 
that depends on glucose metabolism that bypasses the Ca?* metab- 
olism step and allows glucose to potentiate the effects of Ca?* on 
secretory rate. 

To summarize the basic pathway for glucose-induced insulin 
secretion: First, glucose depolarizes B cells and triggers membrane 
electrical activity, which brings extracellular Ca?* into the cell 
through voltage-gated Ca”* channels. Second, glucose may gener- 
ate IP}, which mobilizes Ca** from intracellular stores in the ER. 
Third, glucose inhibits the pumping of Ca?* from the cytoplasm 
back to the extracellular space. Fourth, by an unknown pathway, 
glucose metabolism sensitizes the secretory machinery to the pre- 
vailing cytoplasmic Ca?* level, allowing insulin secretion inde- 
pendent of changes in the K,zp-channel activity or cytoplasmic 
Ca?* level.“ 


Calcium Messenger System 

Raising cytoplasmic Ca?* augments exocytosis through the ac- 
tivation of serine/threonine protein kinases. The mediators of this 
activation appear to be a family of proteins called calmodulins 
(CaMs). Of these, the Ca’*/CaM-dependent protein kinase II 
(CaMK II) has been explored in most detail’? with four isoforms 
found in islets.” Inhibition of CaMK II impairs nutrient-induced 
insulin secretion.*' Ca** also activates the myosin light-chain ki- 
nase (MLCK) and inhibition of MLCK may help to impair glucose- 
stimulated insulin secretion.” 


Phosphoinositide Messenger System 

Glucose increases production of diacylglycerol (DAG) and 
inositol-1,4,5-trisphosphate (IP3) perhaps by providing additional 
phospholipid substrate or by activating membrane phospholipases. 
DAG and IP, are also formed by hydrolysis of phosphatidyli- 
nositol-biphosphate (PIP3) through the action of phospholipase C 
(PLC), which is of particular importance for eliciting insulin secre- 
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tion after activation of muscarinic or cholecystokinin (CCK) recep- 
tors.” Several PLC isoforms have been identified in B cells (PLC- 
Bı, PLC-B, PLC-y, and PLC-8) and PLC activation is triggered by 
guanosine triphosphate-binding proteins. As in other cell types, 
DAG remains membrane-bound and activates protein kinase C 
(PKC). This family of enzymes acts as serine/threonine kinases to 
phosphorylate various B-cell proteins. Several different PKC isoen- 
zymes may exist in the 6 cells, including the conventional forms 
that are Ca?* -responsive (PKC-a, PKC-B, and PKC-y), forms 
that are Ca?* -unresponsive but DAG-dependent (PKC-8, PKC-e, 
PKC-n, and PKC-6), and forms that are both Ca’*-unresponsive 
and DAG-independent (PKC-€, PKC-A, and PKC-).“°°* When 
PKC isoenzymes are activated, they translocate to the plasma mem- 
brane and phosphorylate B-cell proteins, which in tum modulate 
ion channels and augment cell metabolism, which affects insulin 
secretion. PKC is involved in the responses to activation of mus- 
carinic receptors.” 

IP}, which is also formed through PKC activation, on the other 
hand, is soluble and is released into the cytoplasm, unlike DAG, 
where it interacts with the endoplasmic reticulum to release stored 
calcium. Various isomers and breakdown products of IP}, as well 
as other polyphosphoinositides such as inositol hexakisphosphate 
(IP.),°° have been described in a growing list of phospholipid 
metabolites that may modulate insulin secretion. 

The main role of IP, is in transducing input to the B cells of 
secretagogues that activate PLC, like acetycholine or CCK." 
This enhances glucose-induced insulin secretion, but does not 
stimulate release in the absence of glucose. In addition to mobiliz- 
ing ER Ca’*, muscarinic activation activates a membrane Na* 
channel,” which may explain its depolarizing effects on B cells.” 
Also, the peptide secretagogues GLP-1 and PACAP have been 
shown to increase the B-cell uptake of Na*.®°-® The increased cy- 
tosolic Na* may increase the uptake of Ca**, thereby increasing 
cytosolic Ca?*. The importance of Na*-induced insulin secretion 
for these secretagogues is illustrated by findings that removal of 
extracellular Na* reduces their insulin secretory ability. 


Cyclic AMP Messenger System 

Activation of adenylate cyclase by various peptidergic 
(glucagon, GLP-1, PACAP, VIP) and B-adrenergic stimuli converts 
ATP to cyclic AMP. Each of these stimuli has a receptor linked to 
adenylate cyclase by guanine-binding proteins (G proteins). cAMP 
in turn binds to the regulatory subunit of PKA, activating its cat- 
alytic subunit, which phosphorylates proteins. There are two differ- 
ent forms of PKA. One form has a regulatory subunit that is cytoso- 
lic, whereas the other type interacts with proteins in the plasma 
membrane and in the secretory granule. PKA phosphorylates 
GLUT-2, Karp channels, and L-type Ca”* channels, all of which are 
involved in insulin secretion." However, activation of PKA is 
not sufficient to elicit insulin secretion after stimulation with glu- 
cose, but rather appears to potentiate the effect of other pathways. 
cAMP also can directly activate the exocytosis process since it aug- 
ments insulin secretion in the absence of raised cytoplasmic Ca?* .* 

Intracellular cAMP is also regulated by its phosphodiesterases 
(PDEs), which degrade the cyclic nucleotide. Three different iso- 
forms of PDE (PDE1, PDE2, and PDE3) are expressed in islets. 
The most important of these is PDE3, which in turn exists in two 
different subtypes, PDE3A and PDE3B. PDE3 is activated by 
protein kinase B (PKB), which in turn is activated by phospho- 
inositide-3-kinase (PI-3-K). Both these enzymes are expressed in 
the B cells.°”* The inhibitory actions of IGF-1 on insulin secretion 
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may be mediated by activation of PDE through PI-3-K and PKB 
and the subsequent reduction of intracellular levels of cAMP. 


Arachidonic Acid Messenger System 

Glucose, muscarinic activation, and CCK have been shown 
to activate phospholipase A, (PLA), which hydrolyzes plasma 
membrane phospholipids, resulting in formation of arachidonic 
acid (AA).°7! At least two different isozymes of PLA, are ex- 
pressed in the B cells: a Ca?*-dependent and a Ca”*-independent 
form, which seem to be of importance for insulin secretion under 
different conditions. Thus, activation by the muscarinic agonist 
stimulates the Ca?* -dependent PLA, whereas activation by 
CCK stimulates both the Ca?*-dependent and Ca°*-independent 
forms.’! The formed AA directly increases cytoplasmic calcium 
and results in the formation of prostaglandins and eicosanoids, 
which in turn can affect insulin secretion. Therefore, the AA mes- 
senger system may also be of importance for insulin secretion, 
although its relative contribution to the insulin responses to 
muscarinic activation and CCK is probably less than the PLC 
pathway. 


Lipid Messenger System 

Lipid-derived signals are also important for insulin secretion. 
These signals are long-chain acyl CoA (LC-CoA) derived from 
triglycerides stored in the B cells,’”? and they augment the fusion 
of granules with the plasma membrane during exocytosis through 
activation of PKC.’* Neurohormonal agents may therefore regulate 
the exocytosis of insulin through activating or inhibiting LC-CoA 
formation. One target for these agents is the hormone-sensitive li- 
pase (HSL) which is expressed in the B cells.”* HSL is activated by 
PKA; therefore, agents increasing cAMP might augment insulin 
secretion through HSL-mediated formation of LC-CoA, as has 
been proposed for GLP-1.”° 


Insulin Messenger System 

The insulin receptor is also expressed in the B cells.”° Since 
previous data showed that exogenous insulin inhibits insulin se- 
cretion, it was thought that the B cells exhibit autocrine inhibition 
like some other secreting cells. However, the generation of B-cell- 
specific insulin-receptor—deleted mice have challenged this view. 
These mice develop a defective insulin response to glucose and 
progressive impairment of glucose tolerance.” Although the rele- 
vance of these findings for the physiological regulation of insulin 
secretion remains to be established, these mouse studies indicate 
that insulin’s action on its B-cell receptors is important for main- 
taining normal B-cell function.”* 


Inhibitory Receptors 

The B cell bears receptors for a number of physiologically 
important inhibitory neurohumoral signals that are superimposed on 
the stimulatory pathways described. a-Adrenergic stimulation does 
not appear to act via adenylate cyclase”? as in many other systems 
but has clear effects that hyperpolarize B cells and inhibit insulin 
secretion, apparently at the release site.” The hyperpolarization 
may be due to the activation of low-conductance G protein—linked 
potassium channels*! that may also be activated by galanin.®? Al- 
though both galanin?’ and somatostatin™ activate Karp channels, it 
is not clear that these effects are critical since galanin® and so- 
matostatin®® also act directly on the secretory machinery to block 
insulin release. The adipocyte hormone leptin has also been shown 
to directly restrain insulin secretion.*’ This effect is induced by 


opening Karp channels, activation of PDE to breakdown cAMP, or 
activation of transcription factors.°”-*? 


EXTRACELLULAR CONTROL 
OF INSULIN SECRETION 


Basal Insulin Secretion 


Basal insulin secretion is defined in vivo as that which occurs in the 
absence of any exogenous stimulation of insulin release. The basal 
insulin level is usually measured in the morning after an overnight 
fast because by then the postabsorptive stimulation of insulin re- 
lease is clearly over and the circulating levels of metabolic and gut 
hormone secretagogues are related to endogenous, rather than ex- 
ogenous, signals. Even though the plasma glucose levels after an 
overnight fast are low (80-100 mg/dL), they maintain the basal in- 
sulin secretion in vivo,” perhaps by potentiating the insulin re- 
sponse to the low levels of other secretagogues. Recent data sug- 
gest that the elevated levels of plasma free fatty acids seen during 
fasting also help maintain basal insulin secretion.”'*? The defini- 
tion of basal insulin secretion in vitro is somewhat arbitrary be- 
cause it is dependent on the insulin secretagogues present in the 
buffer. These secretagogues are mandatory; in vitro insulin secre- 
tion stops in their absence. 

Although many investigators assume that basal insulin secre- 
tion is constant, others have provided evidence for periodic oscilla- 
tions in the basal insulin level with periods of 9-14 minutes.**”? 
The first report of large oscillations in peripheral plasma insulin 
was from studies in rhesus monkeys;”* smaller oscillations were 
later found in humans.” Oscillations in plasma levels of secreta- 
gogues are not the stimulus for the periodicity of basal insulin se- 
cretion; the same phenomenon can be demonstrated in vitro when 
secretagogue levels are held constant.” The synchronization of the 
pancreatic B cell apparently involves intrapancreatic ganglia and 
nerves, because the oscillations can be reduced by either nicotinic 
antagonists or neurotoxins.”’** These oscillations in plasma insulin 
are perturbed in T2DM,””'™ and can be partially restored by in- 
hibiting the B cell for a period.” 


Secretagogues and Inhibitors 
of Insulin Secretion 


Metabolites 


Glucose 

Although many agents stimulate insulin release, glucose is the 
most critical for three reasons (Table 4-1). First, insulin is the 
major controller of carbohydrate metabolism. For example, during 
fasting the low levels of glucose (80-100 mg/dL) reduce the 
plasma insulin level to between 5 and 10 wU/mL, allowing 
glycogenolysis, proteolysis, and lipolysis to release stored fuels 
into the circulation. Conversely, during feeding, the high level of 
glucose (100-200 mg/dL) increases the plasma insulin level to 
30-150 U/mL, which not only inhibits the release of stored fuels 
but also increases the tissue uptake and storage of incoming nutri- 
ents. Second, physiologic levels of glucose stimulate insulin re- 
lease through most of its physiologic range. Thus, changes of 
plasma glucose level must be taken into account when interpreting 
insulin secretion. Even the low levels of glucose present during 
fasting maintain insulin secretion. Third, because glucose plays a 
central role in B-cell metabolism, glucose can influence the insulin 
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ug. Amino acids 
vunteracts the hypoglycemic 


Early studies suggested that acute increases of triglycerides, 
free fatty acids (FFAs), and ketones had negligible effects on insulin 
release in humans. The carbohydrate and protein components of the 
mixed meal help to stimulate insulin release, which suppresses both 
lipolysis and FFA mobilization, favoring net storage of ingested 
triglycerides for the next period of fasting. However, ingested fats 
slow the absorption of other nutrients that directly stimulate the 
B cell, such as protein and carbohydrate. Thus mixed meals of vary- 
ing fat content are not ideal for assessing B-cell function. 

More recent studies have revealed both stimulatory and in- 
hibitory effects of FFAs and islet triglycerides on insulin secre- 
tion.” One stimulatory effect of FFAs is to maintain basal insulin 
secretion during starvation, when plasma glucose levels are very 
low.” Another stimulatory effect of plasma FFAs is the partial me- 
diation of the increased basal insulin secretion seen in obesity and 
other insulin-resistant states.’™™!” In contrast, several in vitro’! 
and in vivo studies'”’ suggest that chronic, pathologic elevations of 
plasma FFAs may contribute to impaired insulin secretion, a phe- 
nomenon called lipotoxicity.'"° Certain studies have focused on the 
accumulation of islet triglycerides as critical for lipotoxicity.'“* 


This lipotoxicity can extend beyond the inhibition of insulin secre- 
104,109 


tion to include inhibition of insulin biosynthesis and the 
death of susceptible B cells,'*'08 perhaps mediated by islet 
triglyceride-dependent generation of nitric oxide (NO),''° a mech- 


anism thought to be involved in the death of islet B cells in type 1 
diabetes mellitus (T1DM). 


Gastric Inhibitory Polypeptide 

Gastric inhibitory polypeptide (GIP) is a 43-amir 
polypeptide isolated from endocrine cells of the duodenum ; 
junum with the ability to inhibit gastric acid secretion. GIP is 
the few gut hormones released by carbohydrate ingestion. T 
lease (1) is triggered by intraluminal carbohydrate, not circ! 
glucose, (2) proportional to the oral glucose load, 1 and (3) 
dent on the absorption of glucose across the intestinal muc 
These findings suggest that the release of GIP is triggered by 
tivation of a glucose sensor within the intestine. Many gi 
mones, including GIP, are released by fat and protein ingestic 
effectiveness of GIP to simulate insulin release is dependent 
plasma glucose level (it has thus been renamed glucose-dep 
insulinotropic polypeptide [GIP]). Therefore, fat-stimulated ( 
lease causes little rise of plasma insulin, whereas carboh: 
stimulated GIP release causes significant insulin release, mo 
that produced by equivalent levels of glucose alone. Infusion: 
human form of GIP that reproduce GIP levels during a mixe 
clearly stimulate insulin release.''? Antibodies that bind an 
tralize GIP attenuate, but do not abolish, the insulin response 
glucose, both supporting a physiologic role for GIP as an i 
and indicating that other factors also participate in the incre 
fect. A physiologic incretin effect of GIP is also suggested b 
ies showing that GIP antagonists attenuate meal-induced inst 
lease in rats''* and that mice with gene deletion of the GIP re 
have impaired insulin responses to oral glucose.''* 


Cholecystokinin 
Cholecystokinin (CCK) is a 33-amino-acid peptide i: 
from the duodenum and proximal jejunum with the abi 
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TABLE 4-1. Major Secretagogues and Inhibitors of Insulin Release 
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Secretagogue/Inhibitor Type 

Glucose Metabolite 
Amino acids Metabolite 
Free fatty acids Metabolite 
GIP GI hormone 
CCK GI hormone 
GLP-1(7-36)-NH, GI hormone 
Epinephrine Stress hormone 
Neurotransmitters 


Acetylcholine Parasympathetic neurotransmitter 
VIP Parasympathetic neurotransmitter 
Norepinephrine Sympathetic neurotransmitter 
Galanin Sympathetic neurotransmitter 


Circulating Concentrations Effect Physiologic State 
5-20 mmol TTT Carbohydrate feeding 
0.1-10 mmol TT Protein feeding 
100~1000 pmol 0 Fasting 

10'-10? pmol TT Carbohydrate or fat meal 
1-10! pmol T Protein meal (?) 
10'-10" pmol TT Carbohydrate meal 
0.2-20 nmol W Stress 

Synaptic concentrations* 

Unknown TT Feeding 

Unknown T Feeding (?) 
Unknown L Stress 

Unknown LW Stress (?) 


*Neurotransmitters are released locally, achieving concentrations at the B cell that are not currently measurable. 


responses to other secretagogues and to subsequent stimulation. 
Part of the potentiating effects of glucose may be mediated by its 
effect of increasing insulin synthesis. Thus glucose has a permis- 
sive as well as a regulatory role for insulin secretion. 


Amino Acids 

Most amino acids can stimulate insulin release, but their poten- 
cies vary with species, ambient glucose level, and amino acid type. 
The mixed amino acids in a pure protein meal stimulate insulin re- 
lease, but less potently than a pure carbohydrate meal. The insulin 
released during protein meals promotes the uptake and storage of 
amino acids as muscle protein and slows muscle proteolysis, which 
supplies gluconeogenic amino acids during fasting. Amino acids 
stimulate glucagon release, which counteracts the hypoglycemic 
action of the secreted insulin. © 


Fats 

Early studies suggested that acute increases of triglycerides, 
free fatty acids (FFAs), and ketones had negligible effects on insulin 
release in humans. The carbohydrate and protein components of the 
mixed meal help to stimulate insulin release, which suppresses both 
lipolysis and FFA mobilization, favoring net storage of ingested 
triglycerides for the next period of fasting. However, ingested fats 
slow the absorption of other nutrients that directly stimulate the 
B cell, such as protein and carbohydrate. Thus mixed meals of vary- 
ing fat content are not ideal for assessing B-cell function. 

More recent studies have revealed both stimulatory and in- 
hibitory effects of FFAs and islet triglycerides on insulin secre- 
tion.” One stimulatory effect of FFAs is to maintain basal insulin 
secretion during starvation, when plasma glucose levels are very 
low.” Another stimulatory effect of plasma FFAs is the partial me- 
diation of the increased basal insulin secretion seen in obesity and 
other insulin-resistant states.’™!” In contrast, several in vitro'*"'° 
and in vivo studies” suggest that chronic, pathologic elevations of 
plasma FFAs may contribute to impaired insulin secretion, a phe- 
nomenon called lipotoxicity.'“® Certain studies have focused on the 
accumulation of islet triglycerides as critical for lipotoxicity.'* 


This lipotoxicity can extend beyond the inhibition of insulin secre- 
104,109 


tion to include inhibition of insulin biosynthesis and the 
death of susceptible B cells,'*'* perhaps mediated by islet 
triglyceride-dependent generation of nitric oxide (NO),''° a mech- 


anism thought to be involved in the death of islet B cells in type 1 
diabetes mellitus (TIDM). 


Hormones 


Gastrointestinal Hormones 

A variety of gastrointestinal hormones are released during 
meals to coordinate gastric emptying, gastrointestinal motility, ex- 
ocrine pancreatic secretion, and gallbladder contraction. These 
gastrointestinal hormones also potentiate substrate-induced insulin 
release. The hormones responsible for the extra insulin released by 
the oral versus intravenous administration of glucose have been 
termed incretins. Of the many gut hormones evaluated as candidate 
incretins, the three detailed below have received the strongest 
support (see Chap. 6). 


Gastric Inhibitory Polypeptide 

Gastric inhibitory polypeptide (GIP) is a 43-amino-acid 
polypeptide isolated from endocrine cells of the duodenum and je- 
junum with the ability to inhibit gastric acid secretion. GIP is one of 
the few gut hormones released by carbohydrate ingestion. This re- 
lease (1) is triggered by intraluminal carbohydrate, not circulating 
glucose, (2) proportional to the oral glucose load,''! and (3) depen- 
dent on the absorption of glucose across the intestinal mucosa.'!! 
These findings suggest that the release of GIP is triggered by the ac- 
tivation of a glucose sensor within the intestine. Many gut hor- 
mones, including GIP, are released by fat and protein ingestion. The 
effectiveness of GIP to stimulate insulin release is dependent on the 
plasma glucose level (it has thus been renamed glucose-dependent 
insulinotropic polypeptide [GIP]). Therefore, fat-stimulated GIP re- 
lease causes little rise of plasma insulin, whereas carbohydrate- 
stimulated GIP release causes significant insulin release, more than 
that produced by equivalent levels of glucose alone. Infusions of the 
human form of GIP that reproduce GIP levels during a mixed meal 
clearly stimulate insulin release.''? Antibodies that bind and neu- 
tralize GIP attenuate, but do not abolish, the insulin response to oral 
glucose, both supporting a physiologic role for GIP as an incretin 
and indicating that other factors also participate in the incretin ef- 
fect. A physiologic incretin effect of GIP is also suggested by stud- 
ies showing that GIP antagonists attenuate meal-induced insulin re- 
lease in rats''? and that mice with gene deletion of the GIP receptor 
have impaired insulin responses to oral glucose.''* 


Cholecystokinin 
Cholecystokinin (CCK) is a 33-amino-acid peptide isolated 
from the duodenum and proximal jejunum with the ability to 
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contract the gallbladder. A much shorter but equally potent form, 
CCK-8, is found in the nerves of both gut and brain. Both CCKs 
can stimulate the secretion of digestive enzymes and metabolic 
hormones such as insulin, as well as inhibit food intake and delay 
gastric emptying.''* These actions coordinate the flow and process- 
ing of nutrients. CCK is released in response to the ingestion of fat 
and protein, but not carbohydrates.''® Evidence in favor of an in- 
cretin action of CCK includes the presence of CCK, receptors on 
islet B cells and the finding that the levels of CCK achieved during 
mixed meals appear sufficient to potentiate amino acid—stimulated 
insulin release. However, potent antagonists of the CCK, receptor 
have little effect upon meal-stimulated insulin release in humans, 
calling into question a major role for CCK as an incretin. 


GLP-1[7-36 Amide] 

L cells of the distal small intestine release a peptide encoded 
by the preproglucagon gene. This peptide is a truncated, amidated 
form of glucagon-like peptide 1, GLP-I[7-36 amide].'!’ The 
plasma concentration of this peptide increases during mixed and 
carbohydrate''* meals in humans. Although the quantities released 
are less than those of GIP, GLP-1[7-36 amide] is such a potent 
glucose-sensitive potentiator of insulin secretion''? that it is cur- 
rently thought to be a major incretin. Direct experimental support 
for this concept comes from studies showing that GLP-1 antago- 
nists or immunoneutralization of GLP-1| impairs oral glucose toler- 
ance in primates.'*° Likewise, transgenic male mice with a knock- 
out of the GLP-1 receptor have both impaired insulin secretion to 
oral glucose and impaired glucose tolerance.'?' In addition to the 
incretin effect, evidence is accumulating that GLP-1 helps maintain 
the normal levels of insulin content'** and B-cell mass,’?? which 
are important for insulin responses to other nonincretin stimuli. 
These latter observations have prompted studies of GLP-1 or 
analogs for treatment of T2DM. "+75 


Gut Neuropeptides 

Although the polypeptides discussed above are gastrointestinal 
hormones, there are many others in the gastrointestinal tract that 
are localized to nerves, not endocrine cells. Examples are vasoac- 
tive intestinal polypeptide (VIP) and the related peptide, pituitary 
adenylate cyclase—activating peptide (PACAP). Because part of the 
incretin effect may be mediated by the complex neural activation of 
the gastrointestinal tract that accompanies meals, it is possible that 
some of these gut neuropeptides may also serve an incretin func- 
tion. Indeed, transgenic mice with a knockout of the PACAP | re- 
ceptor have impaired insulin responses to gastric glucose." Fur- 
ther, recent work suggests that nerves in the myenteric plexus of 
the adjacent duodenum innervate intrapancreatic ganglia,'?”'”* 
raising the possibility that the intrapancreatic ganglia may be part 
of the enteric nervous system of the gut, and as such may be acti- 
vated during feeding. 


Stress Hormones 


Epinephrine 

The sympathetic neurohormone epinephrine is secreted from 
the adrenal medulla in response to stress. Such stresses include 
physical disturbances of homeostasis such as hypoglycemia, hy- 
potension, and hypoxia, as well as the accompanying or preceding 
emotional responses of fear and/or anxiety. The epinephrine re- 
leased during stress activates an a-adrenergic inhibitory receptor 
as well as a B-adrenergic stimulatory receptor on the B cell. This 


simultaneous activation results in little net change of basal insulin 
release, yet substantial inhibition of the acute insulin response to 
glucose (see Chap. 8). 


Others 

The pituitary hormones ACTH. growth hormone, TSH, pro- 
lactin, and vasopressin and the adrenal and thyroid hormones corti- 
sol and thyroxin, are also released under stress. These hormones are 
not major, acute modulators of insulin release, although growth hor- 
mone and cortisol have long-term direct or indirect effects on insulin 
secretion in the hours or days following a major stressful event. '”° 


Neurotransmitters 


Parasympathetic 

Acetylcholine (ACh) is the classic postganglionic neurotrans- 
mitter of parasympathetic nerves, including those that innervate 
the pancreas. ACh stimulates insulin release via the M3 subtype 
of the muscarinic receptor'*®'*? that can be blocked by atropine. 
Activation of the parasympathetic nerves of the pancreas can be 
produced (1) experimentally by electrical activation of the vagus 
nerve, (2) physiologically by both the cephalic and intestinal 
phases of feeding, and (3) pathophysiologically by hypoglycemia. 
The action of ACh to stimulate insulin release is glucose depend- 
ent,” so that during hypoglycemic stress the vagal activation 
produces little stimulation of insulin release. In contrast, during 
carbohydrate feeding, equivalent vagal activation would be ex- 
pected to produce significant neurally induced stimulation of 
insulin secretion. Old evidence, primarily in rats,'** and newer 
evidence in humans'* suggest that pancreatic parasympathetic 
nerves mediate the cephalic phase of insulin release. This phase 
occurs before the absorption of ingested glucose. More recent 
data suggest that pancreatic parasympathetic nerves may also be 
important for the insulin response during absorption, '*°'2” con- 
trary to the traditional view that ingested metabolites are the 
primary stimuli for absorptive insulin secretion. 

Parasympathetic nerves in the pancreas may also release neuro- 
peptides such as VIP and PACAP. Both have been found in post- 
ganglionic parasympathetic-like fibers innervating pancreatic 
islets, and VIP has been measured in the pancreatic venous effluent 
during electrical activation of the vagus.'** Infusion of exogenous 
VIP!” stimulates glucagon and insulin secretion as well as increas- 
ing pancreatic blood flow and the flow of pancreatic exocrine juice. 


Sympathetic 

Norepinephrine is the classic postganglionic neurotransmitter 
for the sympathetic neurons that innervate the pancreas. Nore- 
pinephrine, like epinephrine, is a dual agonist activating both 
a-adrenergic inhibitory receptors and -adrenergic stimulatory 
receptors on the B cell. The net effect of norepinephrine on insulin 
secretion in vivo is usually inhibition of glucose-stimulated insulin 
release with little change of basal insulin release. Intrapancreatic 
norepinephrine can be released experimentally by electrical activa- 
tion of sympathetic nerves and pathophysiologically by hypo- 
glycemic stress." 

Sympathetic nerves in the pancreas may also release other 
neurotransmitters such as neuropeptide Y (NPY) and galanin. NPY 
fibers innervate the islets of many species, whereas the sympathetic 
galaninergic innervation of the islet'*” seems restricted to the 
dog.'*' In the dog, but not the primate, galanin is released into the 
pancreatic venous blood during electrical activation of sympathetic 
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nerves, '"”:'** and infusion of exogenous galanin impairs both basal 
and stimulated insulin release." NPY has minor effects on in- 
sulin secretion but may stimulate glucagon secretion.” 


Intraislet Peptides 

Older evidence suggests an interaction between the different 
islet cell types. For example, the 5-cell peptide somatostatin may 
be a paracrine controller of glucagon release.'*° However, evidence 
of its role as a paracrine controller of insulin release is less well es- 
tablished. Likewise, insulin appears to be a local endocrine con- 
troller of glucagon release" via the portal circulation from the 
B-cell core to the a-cell mantle of the normal isler.'** However, 
glucagon does not appear to be a physiologic modulator of insulin 
release within the islet. B cells make and release islet amyloid 
polypeptide (LAPP) in addition to insulin. Although the physiologic 
role of [APP remains unclear, a pathophysiologic role for this pep- 
tide has been suggested in type 2 diabetes,'*!** since amyloid fib- 
rils are cytotoxic to B cells'®° (see Chap. 21). 


Etfects of Glucose on Insulin Secretion 


Although glucose clearly stimulates insulin release, the simplicity 
of that statement belies the complexity of glucose’s direct effects 
on insulin secretion and the dominant role that glucose plays in 
controlling the B-cell response to other secretagogues, both of 
which are detailed below, 


First- and Second-Phase Insulin Release 

The magnitude of the insulin response to glucose is related not 
only to the absolute level of glucose, but also to the rate of change 
of glucose level. Thus an abrupt increase of glucose level elicits a 
rapid and transient burst of insulin secretion, called the first or acute 
phase of insulin response, that subsides within 10 minutes (Fig. 4-2). 
The second-phase response begins when glucose levels increase 
slowly and progressively for up to 4 hours of glucose exposure, The 
separation of these two phases of insulin release has been demon- 
strated most clearly by exposing the isolated rat pancreas to a large 
stepwise increase of glucose, but it can also be demonstrated in hu- 
mans during hyperglycemic glucose clamp studies. 

The first-phase insulin response to glucose is not prevented by 
blockade of insulin synthesis in vitro, nor is its magnitude depen- 
dent on the prestimulus glucose level in vivo. This acute release of 
insulin may be due to release of insulin granules that are directly 
adjacent or “marginated” to the B-cell membrane. In contrast, the 


FIGURE 4-2. First- and second-phase response to glucose. 
Immediately after the stepwise increase of perfusate glu- 
cose concentration (300 mg/dL: first shaded area), there 
is a transient burst of insulin release (first phase). which 
can persist for 2-5 minutes in vitro. Thereafter, there is a 
slow but progressive increase of insulin secretion (second 
phase), which continues lor the duration of the original cx- 
posure to the high glucose level (5-52 minutes). Priming: 
Prior exposure (2-52 minutes) of the pancreas to glucose 
(300 mg/dL, first shaded area) produces a first-phase in- 
sulin response (57-59 minutes) to an equivalent stepwise 
increase of glucose (300 mg/dL, second shaded area) 
that is significantly enhanced. (Reprinted with permission 
from Grodsky GM, Landah! H, Curry D: The Structure and 
Metabolism of the Pancreatic Islets. Pergamon: 1970.) 
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magnitude and timing of the second-phase insulin response are 
pendent upon the prestimulus glucose level in vive. The seco! 
phase response is probably due to the release of more internal 
sulin granules as well as some that are not preformed, because 
least part of this second-phase response is dependent on the synt 
sis Of new insulin. This newly synthesized insulin is preferentiz 
released during the period of continuous glucose stimulation 
phenomenon observed during stimulation of many other granu 
secretory processes. 

Although these two distinct phases of insulin release do oci 
in humans following intravenous glucose administration, they 
not readily apparent during a carbohydrate meal. During a carl 
hydrate meal, absorption of glucose into the circulation is not £ 
enough to produce a rapid increase in the plasma glucose les 
However, the rate sensitivity that characterizes the first-phase 
sulin response to glucose is probably physiologically import. 
even during less abrupt changes of plasma glucose. For examp 
feedback-controlled insulin infusion studies suggest that a rapid 
sponse of the B cell to an increasing plasma glucose level is nec 
sary to prevent excessive hyperglycemia during a carbohydr 
meal, as well as to prevent the development of hypoglycemia f 
lowing the meal'*! due to the late and excessive release of insu 
and its relatively long duration of action. Recent studies have ree 
phasized the importance of the early insulin response to meals 
the preservation of normal glucose tolerance. Thus prevention 
this early insulin response in healthy humans results in glucose 
tolerance,'** and impairment of this insulin response is associa! 
with glucose intolerance both in individuals at high risk'™ and 
those individuals who already have'** T2DM. The addition o 
cephalic phase of insulin response improves the glucose into] 
ance seen during intragastric installation of glucose in healthy si 
jects,'*° and infusion of rapid-acting insulin early during the m 
corrects the glucose intolerance seen in type 2 diabetes." 


Potentiation 

Glucose not only stimulates insulin secretion directly, but a 
influences the magnitude of the insulin response to other, nong 
cose, secretagogues. Thus the acute insulin response to gut h 
mones, amino acids, and other secretagogues is larger when ! 
ambient glucose level is higher (Fig. 4-3). Although the intracel 
lar signals that subserve potentiation are not clear, it is lik: 
that constant stimulation by glucose increases not only the synu 
sis of new insulin, but also the transport of insulin granules tow: 
the cell membrane, making them available for acute release 
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FIGURE 4-3. Potentiation: The effect of increasing the ambient glucose 

level on the magnitude of acute insulin response (AIR) to isoproterenol. 

(Reprinted with permission from Halter, et al.” ) 


secretagogues other than glucose. This potentiating effect has not 
only been demonstrated in vitro using pharmacologic amounts of 
nonglucose secretagogues, but it is also an important physiologic 
mechanism for the control of insulin release in vivo. For example, 
the amino acids absorbed during a mixed protein/carbohydrate 
meal stimulate more insulin secretion because the glucose level is 
elevated by the digestion and absorption of the carbohydrate. Fur- 
ther, in research settings, the measurement of glucose’s ability to 
potentiate non-glucose-induced secretion has provided clear evi- 
dence of defects in B-cell function in T2DM!” (see Chap. 21). 


Priming 

In addition to directly stimulating and potentiating insulin se- 
cretion, glucose also has a priming effect on the B cell. That is, pre- 
vious exposure to high levels of glucose can enhance the insulin re- 
sponse to subsequent stimulation even though the glucose levels 
have returned to normal (Fig. 4-2). Thus the B cell’s acute response 
to glucose or other secretagogues is conditioned by its “memory” 
of prior glucose stimulation. The amount of subsequent priming is 
increased with the magnitude and duration of the original glucose 
exposure; it is decreased by lengthening the time between the end 
of that exposure and subsequent stimulation.'** The priming effect 
is not dependent upon the original insulin secretion itself, because 
blockade of that insulin release still permits priming of subsequent 
insulin responses.'™ The priming effect is apparently dependent on 
intracellular glucose metabolism, because some glycolytic inter- 
mediates can also produce priming. Because prior exposure to glu- 
cose also increases the subsequent acute insulin response to argi- 
nine in humans, the priming effect probably increases the slope of 
glycemic potentiation. Priming may also account for the dramatic 
differences in the insulin responsiveness between fasted and re- 
cently fed individuals, and probably contributes to the effects of 
antecedent diet on the insulin response to an oral glucose tolerance 
test (see below). 


Desensitization 

Chronic exposure of the B cells to high glucose levels ulti- 
mately leads to a decrease in the sensitivity of the B cells to stimu- 
lation by glucose. Jn vitro this desensitization appears after 4-8 
hours of exposure, when insulin secretion is decreased to 25% of 
maximal.'*? Desensitization may be due to a downregulation of the 
glycolytic enzymes within the B cell, but this is not the only mech- 
anism, because chronic exposure of B cells to nonglucose stimuli 
also produces desensitization. Likewise, the reduced insulin secre- 
tion is not due to a significant reduction of total insulin content or 
to a decrease in the rate of insulin synthesis.'® Desensitization 
may, however, be related to depletion of insulin from a very re- 
sponsive subset of B cells, leaving insulin to be secreted from 
progressively fewer responsive B cells. Indeed studies suggest the 
presence of sets of B cells within the islet that have different thresh- 
olds and sensitivities for stimulation by glucose.’ There is also 
evidence of early hypersensitivity of the B cell to glucose stimula- 
tion, perhaps mediated by increases of glucokinase activity. Such 
increased glucokinase activity may produce overstimulation of 
B cells despite modest hyperglycemia, and therefore result in a 
later loss of glucose responsiveness. 

Desensitization can also occur in vivo after exposure to either 
2 days of marked hyperglycemia in normal rats or 6 weeks of min- 
imal hyperglycemia in partially pancreatectomized rats.'®' After 
such exposure, the first-phase insulin response to glucose in the 
subsequently isolated and perfused pancreas is nearly abolished. 
Restoration of euglycemia in partially pancreatectomized rats 
lessens the impairment of the first-phase insulin response." Even 
short periods of extremely low glucose in vitro can reverse the sup- 
pressive effects of long periods of hyperglycemia in vivo on the 
acute insulin response to glucose. Interestingly, such in vitro expo- 
sure does not reverse the suppressive effect of hyperglycemia on 
the second phase of the insulin response. Those data suggest that 
the chronic hyperglycemia present in T2DM may exacerbate the 
defect in glucose-stimulated insulin secretion.'® It is interesting 
that many type 2 diabetic patients retain some of their second- 
phase insulin response to glucose; in contrast, this response is al- 
most completely lost in most animal models with chronic hyper- 
glycemia (see Chap. 21). 


In Vivo Measures of Insulin Secretion 
and B-Cell Function 


When determining the function of the pancreatic cell, it is critical 
to relate the amount of insulin secretion to the amount of glucose 
stimulation that the B cell receives. For example, if the plasma in- 
sulin level has increased appropriately in response to an increase in 
plasma glucose, then the efficiency or function of the B cell has not 
really changed. Alternatively, if insulin secretion has increased 
more than expected for the increase of ambient glucose level, then 
B-cell function has increased. Several in vivo measurements, such 
as fasting plasma glucose level, oral and intravenous glucose toler- 
ance tests, and fasting insulin level, have been used to suggest 
changes of B-cell function. However, these measures either do not 
adequately take into account the insulin level at which the glucose 
level is measured or, conversely, the ambient glucose level at which 
the insulin level is measured. Although they may reveal some in- 
formation either about the amount of insulin released or its effect 
on plasma glucose, they may not provide reliable information 
about how efficiently the pancreatic B cell reacts to glucose as a 
stimulus—that is, B-cell function. Other measures or calculated 
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parameters, such as the acute insulin response (AIR) to glucose, 
the slope of glycemic potentiation, AIR max, and PGs (discussed 
later), do relate the insulin responses to the ambient glucose level 
and therefore provide better insight into the function or efficiency 
of the pancreatic 8 cell. The use and limitation of each index is dis- 
cussed below. 


Fasting Glucose Levels 

The concentration of glucose in the plasma of fasting individu- 
als is a very insensitive indicator of B-cell function. For example, 
loss of two-thirds of the B cells induced by partial pancreatectomy 
produces no significant change of the fasting glucose level'™!® 
(Table 4-2). Conversely, the increase of B-cell function that occurs 
in obesity does nor lower fasting glucose levels. However, if the 
B-cell dysfunction is severe (total pancreatectomy or autoimmune 
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or chemical destruction of most 8 cells), then fasting hype 
glycemia will result. Thus the fasting glucose level reflects on: 
impairments of B-cell function that are severe enough to preve: 
the increase of insulin secretion that usually compensates for loss« 
of B-cell mass or defects in insulin action. 


Oral Glucose Tolerance Test 

The insulin released by the ingestion of carbohydrate aids i 
the clearance of the absorbed glucose from plasma. Thus in the or. 
glucose tolerance test (OGTT), plasma glucose levels at specifie 
times after a standard oral glucose load (usually 75 g) are used ' 
assess the adequacy of insulin secretion. However, the relationsh 
between the insulin and glucose levels is time-dependent, becau: 
the insulin released early in the test influences the glucose valu 
later in the test. Thus only the early part of the OGTT can be us: 


TABLE 4-2. Indices of insulin Secretion and B-Cell Function in Normal and Pathophysiologic States 


Fasting Insulin Fasting Slope of 
Plasma Sensitivity Plasma Glycemic 
Glucose Ke ( x oom Insulin AIR, AIRxct Potentiation AIR max PGso 
(mg/dL) (%/min) U/mL (U/mL) (pU/mL) = (U/mL)  (pU/mg) (pU/mL) (mgdL) R 
@ INSULIN RESISTANCE 
Experimenta! 
Control (human) 98 +2 2.0 + 0.2 4.6 5 11 80 + 23 63 +8 1.24 + 0.22 301 + 39 178 +9 1 
Nicotinic acid 101 +2 1.5 + 0.1* 1.7 + 0.3* 23:43" 121.23" 115 + 24* 145 + 0.29 384 + 53* 172 +6 
Naturally occurring 
Control (human) 98 +2 1.8 + 0.2 5.0 + 0.8 10+1 2.1 + 0.85 32 +5 0.77 + 0.15 — — 2 
Obesity 96 +2 14+0.2 2.8 + 0.7* 2743" 8.8 + 1.9*t $249 1.59 + 0.13* — — 
E INSULIN SENSITIVITY 
Naturally occurring 
Control (clderly man) 9524 14+0.1 24 +03 9 56 Ł 1l 63 + 12 0.91 + 0.17 254 + 41 174+ 11 A 
Exercise-trained (elderly) 97 +3 1440.2 3.3 = 0.3* 7+i* 38+ 8* 50 0.73 + 0.15* 186 + 30* 158 +9 
E B-CELL LOSS 
Experimental 
Control (dog) W2+4 — 0.34 + 0.10§ +2 4249 2343 0.34 + 0.05 113 + 13 249 + 30 
65% Pancreatectomy W525 — 0.21 + 0.02§ {+1 32:25 13:22" 0.04 + 0.01* 28 + 7* 170 + 20* 
Control (rat) 103 + 2 — — 61244 121 +13 95+ 10 3.9 + 0.8 — — 
90% Pancreatectomy 119 + 3* — — 59/5. 12 + 2* 43 +9" 0.2 + 0.2* — — 
E B-CELL DAMAGE 
Experimental 
Control (baboon) 84+4 2.0 41415 27 88 + 24 68 + 19 1820.5 — — 
Streptozocin 854 1.8 £0.3 2.7 + 0.4* 3 61 + 26 67215 0.1 + O.1* — — 
@ B-CELL DYSFUNCTION 
Experimental 
Control (human) 89 +2 19 +02 78+ 1.1 3847 3444 65 + 13 146 + 26 157211 
Somatostatin analog 102 + 5* 1.0 + 0.1* 6.6 + 1.2 pa 9+4* 41+8 32 + 7* >152 +32 >200> 14* 
E B-CELL LOSS, DAMAGE. 
DYSFUNCTION 
Naturally occurring 
Control (human) 9242 1.7 + 0.6 5.3 +06 lls 53 + 16 46 0.98 + 0.21 256 + 35 — 
HLA-siblings of type I S12 1.6 + 0.1 3.0 + 0.2* b+] 45+7 4224 0.91 + 0.08 210 + 20" — 
diabetics 
Control (human) 93+1 — — 14 — $7413 1.1 + 0.2 450 + 93 192 + 20 
Type IL diabetes 232 + 25" — — 15 — 35 +8 0.2 + 0.05* 83 +4* 


+8 
“ Significantly different from control. 

—. Measurement not performed in cited study. 
* NG. nonglucose stimuli. 

U-min-dL 
* Units = 
mL-mg 

mL-Kg '-min ' 


$ Units of insulin sensitivity = UAE 
uU/m 
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to estimate B-cell function. One such estimate is the insulinogenic 
index, which is the early increment of plasma insulin divided by 
the early increment of plasma glucose. This index provides a crude 
measure of B-cell function useful in epidemiologic studies. '*® 
However, low insulinogenic values do not necessarily reflect just 
B-cell defects, since part of the early insulin release is in turn stim- 
ulated by activation of the parasympathetic nervous system and the 
release of gastrointestinal hormones that occurs during digestion. 
Impairment of gastrointestinal function can therefore influence 
both the insulinogenic index and the OGTT by reducing gastro- 
intestinal hormone release and by reducing the rate of glucose ab- 
sorption. Further, the rate of clearance of glucose from plasma is 
dependent not only on the amount of insulin secreted, but also on 
the sensitivity of liver and muscle to insulin. Both stress and obe- 
sity can produce insulin resistance, resulting in impaired glucose 
tolerance in the face of a normal or even an enhanced insulin re- 
sponse. Thus the ability of other factors besides insulin secretion to 
influence the plasma glucose levels during the oral glucose toler- 
ance test makes it difficult, if not impossible, to assess the ade- 
quacy of B-cell function. Only when the impairment of glucose tol- 
erance is severe, as in diabetes, can the OGTT be used to infer an 
impairment of the pancreatic B cell’s ability to recognize glucose. "° 


Intravenous Glucose Tolerance Test 

The rapid intravenous injection of a bolus of glucose (usually 
5-25 g) results in a rapid peak of the plasma glucose level (between 
2 and 4 minutes) followed by a slower, nearly exponential fall 
in the plasma glucose level. The rate of the fall during the first 
10 minutes of the test is largely influenced by the mixing and dis- 
tribution of glucose, but the natura] logarithm of the rate of the fall 
between 10 and 30 minutes can be used to define the glucose dis- 
appearance constant, Kg, which is related to glucose uptake and is 
therefore an index of glucose tolerance. 

The intravenous glucose tolerance test (IVGTT) avoids some 
of the previously mentioned problems with the OGTT. Because the 
glucose is administered intravenously, abnormalities in glucose ab- 
sorption and gastrointestinal function do not affect plasma glucose 
levels. Further, activation of the parasympathetic nervous system 
and release of gastrointestinal hormones do not occur during IV in- 
jection of glucose, but only during its oral ingestion. One serious 
problem remains, however. Changes in the sensitivity of peripheral 
tissues to the action of secreted insulin do influence the plasma glu- 
cose profile during the IVGTT. In fact, an estimate of insulin 
sensitivity can be obtained from the plasma glucose profile, provid- 
ing that one adequately accounts for the timing and magnitude of 
the insulin response.'® In addition, the rate of glucose fall is de- 
pendent on the mass-action effect of glucose to accelerate its own 
disposal, a factor that may change in pathophysiologic states. Thus, 
Kg is a combined measure influenced not only by the timing and 
magnitude of the insulin response to the bolus injection of glucose, 
but also the sensitivity of tissues to the effects of both glucose and 
insulin to accelerate glucose uptake. When Kg is 1.7 or greater, 
neither insulin secretion nor insulin action is likely to be markedly 
impaired. If Kg is between 1.0 and 1.7, then insulin secretion, in- 
sulin action, or both are impaired. Only when Kg is less than 1.0 is 
a reduction of B-cell function always indicated; however, it is usu- 
ally already evidenced by fasting hyperglycemia (Table 4-2). 


Fasting Insulin Levels 
The plasma insulin level in a normal weight, overnight-fasted 
individual is approximately 5-15 U/mL. Insulin action has a clear 


effect on this measure of insulin release. The fasting insulin level 
can be low (for example, 3-5 U/mL) in well-trained, lean ath- 
letes'® who are very sensitive to insulin; it can be high (15- 
40 U/mL) in obese subjects who are insulin-resistant (Table 4-2). 
The fasting plasma glucose level is also a major determinant of 
fasting insulin levels. For example, fasting insulin levels decrease 
progressively during 8 days of starvation, despite the insulin resis- 
tance associated with starvation, because the plasma glucose levels 
decrease progressively. In contrast, B-cell mass is usually not a de- 
terminant of the fasting insulin level. For example, partial pancrea- 
tectomy does not lead to a significant decrease in the fasting insulin 
level.'*-'® Likewise, streptozocin can produce significant B-cell 
damage without lowering the fasting insulin level.!”° Apparently 
the remaining ß cells increase their basal secretory rate to compen- 
sate. Moreover, in type 2 diabetes and even in some type 1 diabetic 
patients, fasting insulin levels can be within the normal range, re- 
flecting adequate basal insulin secretion. However, these “norma!” 
fasting insulin levels present in the diabetic state do not take into 
account the marked differences in the fasting glucose level between 
diabetic and normal individuals.'°’'’! When the fasting insulin lev- 
els are compared at the matched hyperglycemic levels of diabetes, 
it becomes apparent that diabetic patients have a major impairment 
of B-cell function.'*”!”' Thus fasting insulin levels reflect changes 
in insulin sensitivity and in the fasting plasma glucose level, but do 
not usually reflect reductions in B-cell mass or B-cell function. 
Some insight into B-cell function can be derived from the combi- 
nation of fasting insulin and glucose values when interpreted in the 
context of insulin sensitivity.” 


First-Phase Insulin Response to Glucose 

The acute or first-phase insulin response to glucose is a large 
and transient increase of the plasma insulin level. The acute re- 
sponse can be elicited by either an intravenous bolus of glucose 
like that used for the IVGTT or the rapid rise of glucose that occurs 
at the start of a hyperglycemic clamp.'”* Even though glucose lev- 
els remain elevated during the hyperglycemic clamp, insulin levels 
fall, reaching a nadir at 10 minutes, which defines the end of the 
first phase.” The magnitude of this acute insulin response (AIR) 
to glucose, unlike most other insulin responses, is independent of 
the prestimulus glucose level in vivo. This feature allows compari- 
son of insulin responses without the need to experimentally match 
the basal glucose levels between groups. For example, the B-cell 
dysfunction present in type 2 diabetes is reflected by the absence of 
the AIR to glucose (see Chap. 21) despite the presence of fasting 
hyperglycemia. Less severe B-cell loss or dysfunction that does not 
produce fasting hyperglycemia, such as two-thirds pancreatectomy 
or low-dose streptozocin, results in a transient reduction of the AIR 
to glucose that usually resolves despite continuing B-cell dysfunc- 
tion.'“!7° Conversely, changes in insulin sensitivity are usually re- 
flected by changes in the AIR to glucose. Obesity’®® and the ac- 
companying insulin resistance'’> are associated with an enhanced 
AIR to glucose. In summary, the magnitude of the AIR to glucose 
is not determined by the prestimulus plasma glucose levels. The 
changes of the AIR to glucose usually reflect changes in insulin 
sensitivity and can reflect early reductions in B-cell mass and B-cell 
function. 


Second-Phase Insulin Response to Glucose 

Sustained hyperglycemia elicits a second phase of insulin se- 
cretion that is dependent on both the glucose level and the duration 
of the hyperglycemia. Thus quantitation of this second-phase in- 
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sulin response requires a fixed glucose level like that achieved dur- 
ing the hyperglycemic clamp technique. The second-phase insulin 
response is usually measured from the nadir following termination 
of the first phase of the insulin response. During the second-phase 
response, plasma insulin levels increase linearly with time for at 
least 2 hours.'”* The magnitude of the second-phase insulin re- 
sponse is also influenced by the prestimulus glucose level, like 
many other insulin responses, and therefore is less useful than the 
first-phase response in comparing B-cell function between groups 
with differing fasting glucose levels. 


Acute Insulin Response to Nonglucose Stimuli 

The magnitude of AIR to nonglucose stimuli such as amino 
acids, neurotransmitters, and gut hormones is dependent on the 
prestimulus glucose level. As the glucose level is raised from 100 
to 250 mg/dL, the AIR increases in an almost linear fashion 
(Figs. 4-3 and 4-4). The slope of the straight line relating the mag- 
nitude of AIR to the ambient plasma glucose level at which it was 
measured is defined as the slope of glycemic potentiation. As the 
plasma glucose level is increased above 250 mg/dL, the relation- 
ship between AIR and the plasma glucose level is no longer linear, 
exhibiting a progressively decreasing slope as the glucose levels 
approach 450 mg/dL. Above 450 mg/dL, there is usually no further 
increase in AIR. This maximal acute insulin response (AIR max) iS a 
critical parameter for characterizing this curve and thus B-cell 
function (see below). Because a standard Michaelis-Menten equa- 
tion does not fit this curve, one cannot calculate the analogous 


FIGURE 4-4. Relationship between magnitude of acute insulin response 
(AIR) to arginine and the prestimulus glucose level in normal human sub- 
jects, illustrating calculation of the slope of glycemic potentiation, AIR max» 
and PGs. (Reprinted with permission from Ward, et al.) 
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value of Km. However, an alternative parameter, the glucose ley 
giving a half-maximal response (PGs), provides an estimate of t 
B-cell sensitivity to glucose (see below). 


Slope of Glycemic Potentiation 

The slope of glycemic potentiation has been used as an index 
B-cell function. However, a decrease in slope could be due to eith 
of two causes: a decrease in the overall capacity of the pancreas 
secrete insulin, or a decrease in the sensitivity of the individu 
B cells to respond to the potentiating effects of glucose. For exar. 
ple, partial pancreatectomy, which by definition decreases over: 
B cell mass and thus the maximal capacity of the pancreas to s 
crete insulin, also decreases the slope of glycemic potentiation, d 
spite evidence that the glucose sensitivity of the remaining B cel 
is increased, not decreased.'* Conversely, treatment with an ii 
sulin inhibitory analog of somatostatin, octreotide (SMS-201,995 
which decreases the sensitivity of the B cell to glucose, marked! 
reduces the slope of potentiation despite evidence that the maxim: 
capacity of the B cell to secrete insulin is not decreased. The impo 
tant point is that although the slope of glycemic potentiation can t 
a useful measure of B-cell function, it is a combined measure that 
influenced by both changes in insulin secretory capacity and b 
changes in sensitivity of the B cell to the potentiating effects of gh 
cose. To determine which of these two factors is responsible for th 
changes in slope, one must complete the dose-response curve an 
from it calculate the parameters AIR max and PGgy. 


AIR max 

The ability of glucose to potentiate the acute insulin response t 
nonglucose stimuli is limited. In normal humans it is maximal at 
glucose level of approximately 450 mg/dL (Fig. 4-4). This maxime 
acute insulin response (AIR max) is a measure of the insulin secretor 
capacity of the pancreas. AlRmax is a very sensitive indicator © 
B-cell loss, damage, or dysfunction. Thus, AIR max is markedly re 
duced in type 2 diabetic patients" and even in nonhyperglycemi: 
animals with two-thirds pancreatectomy (Table 4-2).'™ Conversely 
AIR max Is increased, but to a smaller extent, in states of increases 
B-cell function such as experimentally induced insulin resistance." 


PGso 

B-Cell sensitivity to the potentiating effects of glucose cai 
be estimated by the parameter PGs, which is calculated fron 
the dose-response curve relating AIR to nonglucose stimuli to thi 
plasma glucose level. This dose-response curve must include thi 
maximal acute insulin response to a nonglucose stimulus. becausi 
PGso is defined as the ambient glucose level at which the half 
maximal AIR response occurs (Fig. 4-4). Although PGsg, as op 
posed to the slope of glycemic potentiation, is an index of the sen 
sitivity of the individual B cells to the potentiating effects o 
glucose, PGsy and glucose sensitivity are inversely related. Thus, i 
the calculated PGs,» increases, then the sensitivity of the B cells t 
the potentiating effects of glucose has decreased. Further, becaus: 
the calculation of this parameter, as opposed to slope of glycemir 
potentiation, involves normalization to the AIR maxs PGso provide: 
an index of sensitivity that is independent of changes in the overal 
capacity of the pancreas to secrete insulin. For example, partia 
pancreatectomy, which markedly reduces B-cell mass and thu: 
AIR max decreases PGsy,'™ reflecting an actual increase in the sen 
sitivity of the remaining $ cells to the potentiating effects of glu 
cose. Conversely, treatment with a somatostatin analog that does no 
decrease AIR max produces a significant increase of PGso, indicating 
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a marked decrease in the sensitivity of the B cell to the potentiating 
defects of glucose. Finally, type 2 diabetic patients who have a 
marked reduction in AIR,,,,, due presumably to a combination of 
B-cell loss and B-cell dysfunction, have a normal PGsy, suggesting 
that the residual functioning B cells are normally sensitive to the 
potentiating effects of glucose.'”° 


Proinsulin: Insulin Ratio 

In the normally functioning ß cell, the vast majority (>95%) of 
proinsulin is converted to insulin and C peptide before release. 
However, in certain states this conversion is less complete, resulting 
in both greater pancreatic content and increased circulating levels of 
proinsulin relative to insulin. In practice, insulin is usually measured 
with radioimmunoassays using antibodies that cross-react with 
proinsulin and its degradation intermediates. Thus, immunoreactive 
insulin (IRI) can be a measure of the combination of insulin and 
proinsulin-like molecules; selective antibodies or special separation 
techniques are required to measure proinsulin by itself in order to 
calculate a PI:IRI ratio. This PI: IRI ratio is the percentage of all 
molecules containing insulin that are comprised of true proinsulin. 
The PI:IRI in extracts of the pancreas is less than 5%. Presumably, 
most of the proinsulin and insulin are already in releasable B-cell 
granules, because the PI:IRI ratio in plasma after acute stimulation 
of the B cell is similar.'’’ In theory, agents that produce other types 
of acute stimulation or inhibition of the B cell should not change the 
ratio significantly, because they would be expected to influence the 
secretion of proinsulin and insulin equally. This concept ignores, 
however, the plasma clearance of proinsulin, which is markedly 
slower than that of insulin. This differential clearance accounts for a 
higher PI: IRI (15%) obtained from the plasma of fasting human 
subjects.!’? Thus, one should not compare fasting to stimulated 
PI: IRI ratios to infer a change of the B-cell function. 

The effect of drugs and physiologic or pathophysiologic states 
on the fasting PI: IRI in plasma has been used to infer changes of 
the intracellular processing of insulin and, therefore, of B-cell 
function; decreased PI:IRI is interpreted as more efficient B-cell 
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function, whereas increased PI:IRI is interpreted as impaired 
B-cell function. This interpretation is supported by several pieces 
of experimental evidence. First, drugs that impair B-cell function, 
such as glucocorticoids'?!"'7” and streptozocin,'”# increase the 
plasma PI: IRI. Second, type 2 diabetic patients who have other ev- 
idence of B-cell impairment have increased PI: IRI.'”’ Increases of 
PI: IRI do not appear to be secondary to the increased secretory de- 
mand on a normal B cell because partial pancreatectomy, obesity, 
and drug-induced insulin resistance, all of which increase secretory 
demand, do not increase the PI: IRI ratio. However, increased de- 
mand on an already impaired B cell may increase the PI: IRI ratio 
simply by accelerating proinsulin release before full processing 
can occur.'”? Thus an increased PI:IRI has been used to suggest 
impaired B-cell function in individuals at high risk for develop- 
ment of type 2 diabetes. '*° 


Adaptive Changes of Insulin Secretion 
B-Cell Adaptation to Insulin Resistance 


Introduction 

Resistance to the action of secreted insulin leads to a compen- 
satory increase of insulin release. When B cells are functioning 
normally, the extra insulin released is usually sufficient to over- 
come the resistance to insulin’s action and to prevent marked 
fasting hyperglycemia and glucose intolerance. The normal rela- 
tionship between insulin secretion and insulin action is hyper- 
bolic'*'"'"*(Fig. 4-5), implying that their product is a constant 
called the disposition index.'*' Changes in insulin secretion that 
fully compensate for changes in insulin resistance result in move- 
ment along this hyperbolic line and maintenance of glucose toler- 
ance. Therefore, this hyperbolic function has been called an iso- 
tolerance line.'*? Only when the insulin resistance is extreme (as in 
congenital receptor loss with acanthosis nigricans) or when the ca- 
pacity of the B cell to secrete insulin is severely impaired (as in 
type 2 diabetes) does insulin resistance result in fasting hyper- 
glycemia. More modest reductions in insulin secretory capacity 


FIGURE 4-5. Hyperbolic relationship be- 
tween the fasting plasma insulin level and 
the insulin sensitivity index in normal 
human subjects. (Reprinted with permis- 
sion from Kahn, et al.!*?) 
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result in glucose intolerance without fasting hyperglycemia, a char- 
acteristic of groups at high risk for progression to type 2 diabetes. 
However, in most individuals insulin resistance is accompanied by 
an increase in several indices of insulin secretion, particularly the 
fasting plasma insulin level, and is therefore rarely accompanied by 
fasting hyperglycemia. 


Drug-Induced Insulin Resistance 

Certain drugs and hormones such as growth hormone, gluco- 
corticoids, and nicotinic acid'** can produce a rapid and reversible 
insulin resistance which is accompanied by a compensatory in- 
crease of insulin secretion. However, growth hormone and corti- 
costeroids have direct inhibitory effects on the ß cell that prevent 
complete compensation and thus produce mild hyperglycemia. In 
contrast, nicotinic acid has minimal direct effects on the B cell and 
markedly reduces insulin action (Table 4-2).!”> In humans, 2 weeks 
of treatment with nicotinic acid doubles the fasting insulin level 
with no change of the fasting plasma glucose level, and nearly dou- 
bles the acute insulin response to glucose and nonglucose secreta- 
gogues. The slope of glucose potentiation increases slightly as does 
AIR max, With no change of PGs or PI: IRI. Thus, the B cells appear 
to increase their secretion of insulin by increasing their overall se- 
cretory capacity. Perhaps the higher and more prolonged glucose 
levels during meals, suggested by glucose intolerance, may medi- 
ate this increase of AIR max- 


Gene-Induced Insulin Resistance 

Certain genetic knockouts of the insulin receptor, its signaling 
molecules, or the insulin-sensitive glucose transporter (GLUT-4) 
cause insulin resistance and hyperinsulinemia. For example, knock- 
ing out the insulin receptor in the liver produces hepatic insulin re- 
sistance and hyperinsulinemia, the latter due to both decreased he- 
patic insulin clearance and increased insulin secretion. '84 Knocking 
out insulin receptor substrate- 1 (IRS-1) produces muscle insulin re- 
sistance, '®*-!¥6 hyperinsulinemia,'*” and a B-cell hyperplasia'**'*¢ 
that is also seen in obesity. Knocking out insulin receptor substrate- 
2 (IRS-2) produces liver insulin resistance'** and a transient hyper- 
insulinemia. A heterozygous, global knockout of GLUT-4 causes 
insulin resistance and hyperinsulinemia. '* Thus the genetic disrup- 
tion of certain insulin signaling pathways causes insulin resistance 
resulting in a compensatory hyperinsulinemia. Indeed, earlier stud- 
ies of drug-induced insulin resistance had demonstrated this com- 
pensatory hyperinsulinemia.” 

Surprisingly, genetic disruption of the insulin signaling path- 
way selectively in muscle'?-'™ does not cause hyperinsulinemia 
despite the current view that muscle is quantitatively the most im- 
portant tissue for insulin-mediated glucose disposal. 

Finally, in some knockout mice with insulin resistance, the 
hyperinsulinemia is transient or does not occur at all because of 
defects in B-cell function. Thus the transient hyperinsulinemia of 
IRS-2 knockout mice is followed by diabetes'** because B-cell hy- 
perplasia, normally seen in response to sustained insulin resistance, 
is mediated through IRS-2.'”? Thus knockout mice with defects in 
both insulin action and B-cell function develop diabetes, '*”'8% 
whereas those with defects in insulin action alone develop compen- 
satory B-cell hyperplasia and hyperinsulinemia. 


Obesity-Related Insulin Resistance 


Experimental Obesity Lesions of the ventromedial hypothala- 
mus (VMH) produce obesity and insulin resistance in rats. Their 
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fasting glucose levels are normal, and their fasting insulin le: 
and AIR are elevated. Although the more sophisticated tests of i 
function have not been performed in VMH-lesioned animals, 
AIR to nonglucose secretagogues is also elevated, suggesting | 
the slope of glycemic potentiation might be increased. 

Although the origin of this hyperinsulinemia in VN 
lesioned animals has not been definitively established, three 
servations suggest that increased parasympathetic tone to the p 
creas contributes to this hyperinsulinemia. First, the rise of plas 
insulin level immediately following the actual lesioning is ra 
enough to be neurally mediated. Second, this acute increase of 
sulin can be reversed by vagotomy. Third, autotransplantation 
the pancreas, which severs extrinsic pancreatic nerves, also low 
the plasma insulin level. It is interesting, however, that part of 
hypersecretion persists even when the pancreas is isolated < 
perfused in virro.'™ This residual hypersecretion can be rever: 
by atropine, suggesting that intrinsic cholinergic stimulation of 
sulin secretion is also increased.'*° There is also evidence for « 
creased sympathetic tone to the pancreas in VMH-lesioned a 
mals,'”° which should enhance insulin secretion. Recent stud 
suggest that increased parasympathetic activity can decrease pi 
creatic sympathetic tone.” 

Certain strains of mice and rats develop obesity by inheritan 
of a recessive gene. In ob/ob mice there is a defect in the coding { 
an adipocyte protein,'”* leptin, that has satiety effects in ob/ob a 
wild-type but not db/db mice.'*? Zucker (fa/fa) rats and other obe 
rats overexpress the ob protein leptin,”™ but like db/db mice, < 
resistant to its action because of a defect in the leptin recept: 
These mice and rats are also insulin resistant. In the fa/fa rats, fa: 
ing glucose levels are near normal, but fasting insulin levels ai 
AIR to secretagogues are markedly exaggerated. Although t 
mechanism for the hyperinsulinemia has not been established, i 
creased vagal tone has been suggested: The animals are hype 
responsive to vagal stimulation and vagotomy partially decreas 
their hyperinsulinemia.””' Zucker fatty (fa/fa) rats have decreas: 
pancreatic sympathetic tone,””? as do the VMH-lesioned rats. Th 
decreased pancreatic sympathetic tone may contribute to the 
hyperinsulinemia. 

Obesity can also be induced by high-energy diets in approx 
mately one-half of outbred Sprague Dawley rats; the other half ai 
resistant to this diet-induced obesity (DIO). These DIO rats hay 
increased carcass fat,’ presumed insulin resistance, and hype 
insulinemia.”” Rats with DIO have decreased pancreatic sympi 
thetic tone,""*?™ as do the VMH-lesioned and Zucker fatty rat 
This decreased sympathetic tone may contribute to their hyperinst 
linemia. The role of pancreatic parasympathetic tone in the hype: 
insulinemia of DIO has not been examined. 

Both fa/fa and VMH-lesioned rats eventually develop enlarge 
islets, either as a response to chronic parasympathetic stimulatio 
or as a response to the chronic need for increased insulin secretio 
secondary to their chronic insulin resistance. This hypertrophy ma 
result in increased insulin secretory capacity and thus increase 
AIR max: 


Naturally Occurring Obesity Human obesity is also characte1 
ized by insulin resistance.” The fasting glucose level is normal i 
the vast majority of obese subjects, but the fasting insulin levels ar 
usually elevated in proportion to the amount of excess body fat an 
the degree of insulin resistance?” (see Chaps. 21 and 22 an 
Table 4-2). Drugs such as thiazolidinediones, which reduce insuli 
resistance, reduce this basal hyperinsulinemia.” The insuli 
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responses to acute secretagogues and the slope of glycemic poten- 
tiation are increased in obese subjects, but the PI:IRI is un- 
changed (see Fig. 4-6 and Table 4-2).”” Cross-sectional data ob- 
tained from human subjects of varying degrees of obesity'*” 
suggest that AIR max is also increased, consistent with the enlarged 
islets found during autopsy of obese humans. 

Although the mechanism of hyperinsulinemia in human obe- 
sity is still being debated, most believe it to be secondary to in- 
creased insulin secretion. Such increased secretion may be due to 
the increased ratio of pancreatic parasympathetic to sympathetic 
tone discussed above for the rodent models of obesity. Other poten- 
tial causes include glucose intolerance that can accompany insulin 
resistance. These prolonged elevations of plasma glucose after 
meals may prime the B cells, producing an increase in their sensi- 
tivity to the potentiating effects of glucose. There is also evidence 
that plasma FFAs are elevated in the obese subjects and they con- 
tribute to the hyperinsulinemia observed in this state.’'!° Finally, 
another potential cause of hyperinsulinemia is related not to insulin 
secretion, but to the clearance of insulin: In obese humans, the in- 
sulin resistance is associated with reduced removal of insulin from 
plasma.2%210.21! 

Just as weight gain produces insulin resistance, both long- 
term weight loss and exercise increase insulin sensitivity. Exer- 
cise increases the amount of glucose uptake at a given insulin 
level, resulting in an increase of whole-body measures of insulin 
sensitivity. This increased insulin sensitivity persists for a few 
days after the exercise, but is lost after 2 weeks of relative inac- 
tivity.?!? As a result of this increased sensitivity to insulin’s action 
on glucose disposal and a decrease of the fasting glucose level, 
insulin secretion decreases.'®”?'? In animals, the decrease of in- 
sulin secretion is accompanied by a decrease of proinsulin and 
glucokinase mRNA, suggesting a decrease in islet glucose metab- 
olism and insulin synthesis.?!* In well-trained humans, fasting 
plasma insulin levels can be very low (3-5 U/mL), as is the AIR 
to glucose!’ or nonglucose secretagogues. As little as a week of 
exercise training can decrease insulin secretion in the elderly, 
without any change of weight or body composition. Long-term 
exercise training in the elderly produces a decrease of AIR max 
with no change in PGsp,”!* suggesting that the reduction of in- 
sulin secretion in response to exercise may be due to a reduction 
of insulin secretory capacity. 


FIGURE 4-6. Effect of obesity on the slope of glycemic potentiation. 
(Reprinted with permission from Beard, et al."™) 
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Adaptation to Partial B-Cell Loss 
or Dysfunction 


Experimental 8-Cell Loss or Dysfunction 


Partial Pancreatectomy One can remove up to 80% of the pan- 
creas and yet not produce the fasting hyperglycemia characteristic 
of diabetes. However, 80% suppression of insulin with an insulin- 
selective analogue of somatostatin does produce marked hyper- 
glycemia.”!° The combined data imply that after pancreatectomy, 
the remaining ß cells increase their secretion of insulin to compen- 
sate for the B-cell loss, whereas during somatostatin analogue infu- 
sion, all 8 cells are inhibited. Indeed, studies demonstrate that two- 
thirds pancreatectomy in dogs produced no reduction of the fasting 
insulin level or PI: IRI and only a smal} reduction of AIRg.'™ The 
AIR max Was, however, markedly reduced in proportion to the B-cell 
loss (Fig. 4-7).'™ Interestingly, PGsọ appeared to be decreased,'™ 
suggesting that sensitivity of the remaining B cells to the potentiat- 
ing effects of glucose was enhanced, perhaps accounting for the 
maintenance of near-normal basal insulin and glucose level. Stud- 
ies of islets isolated from rats several weeks after 60% pancreatec- 
tomy demonstrate the suspected increase in the sensitivity of the 
remaining B cells to glucose. Although fasting hyperglycemia is 


FIGURE 4-7. A. Effect of two-thirds pancreatectomy (px) on the slope of 
glycemic potentiation and AIR max in dogs. B. Effect of two-thirds pancrea- 
tectomy on PGso, an index of B-cell sensitivity to the potentiating effect of 
glucose. Note that the data in A have been normalized to their respective 
maximal responses and replotted in B to illustrate the leftward shift in the 
dose-response curves. (Solid line, animals before px; dashed line, animals 
1 and 6 weeks after px.) (Reprinted with permission from Ward, et al.!“) 
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not required for this increased sensitivity to occur, the mechanism 
still may involve stimulation of the residual 8 cells by abnormally 
elevated glucose levels following meals. 

A series of partial pancreatectomy studies in young rats 
Suggests another mechanism for compensatory insulin secretion: 
regrowth of islets. A 90% pancreatectomy resulted in a tripling 
of the pancreatic remnant weight and insulin content over the next 
2 months.'®* However, the importance of this mechanism of com- 
pensation in adult animals remains to be established. 


B-Cell Toxins {-Cell toxins such as alloxan and streptozocin 
have been used extensively to produce animal models of diabetes. 
The amount of B-cell damage is dose and age dependent. When 
streptozocin is given to neonatal rats, it produces severe transient 
hyperglycemia that evolves into a mild persistent hyperglycemia. 
The pancreata of these animals seem insensitive to the acute stimu- 
latory effects of glucose in vitro.?'° The B cells can mount a small 
insulin response to arginine, but it is maximal at low levels of glu- 
cose.”!® Thus the dose-response curve is attenuated and shifted to 
the left, demonstrating a decrease of insulin secretory capacity and 
suggesting an increase in the sensitivity of the remaining B cells to 
the potentiating effects of glucose, similar to that seen in partially 
pancreatectomized animals. 

Low doses of streptozocin given to baboons do not increase 
fasting plasma glucose, decrease fasting plasma insulin,'”° or in- 
crease PI:IRI.'”® However, Kg, AIR to glucose and arginine, and 
the slope of glycemic potentiation all decrease initially (Table 
+2).'”° Two months later, however, most indices return toward 
aormal with the exception of the slope of glycemic potentiation, 
which remains markedly impaired (Fig. 4-8).'”? Thus the reduced 


FIGURE 4-8. Effect of subdiabetogenic doses of streptozocin (STZ) on the 
slope of glycemic potentiation in baboons. Stage 1 (—), normal animals be- 
Tore STZ; stage 2 (--), animals | week after STZ: stage 3 (----), animals 
š weeks after STZ. (Reprinted with permission from McCulloch, et al.'”°) 
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slope of glycemic potentiation may be an indicator of persisten 
B-cell damage.!” 


Naturally Occurring B-Cell Loss or Dysfunction 


Subclinical Type 1 Diabetes The risk of developing type 1 dia- 
betes is 0.1-0.3% in the general population but 10-15% among 
first-degree relatives of type 1 diabetic individuals. The risk is 
20-30% in HLA-identical siblings of type | diabetic patients and 
30—40% in monozygotic twins of a person with type 1 diabetes.7"" 
In addition to the genetic factors that increase the risk of develop- 
ing type | diabetes, there are other factors, such as environmental 
ones, that increase the risk. 

Many of those predisposed to type | diabetes have islet dys- 
function years before presentation of clinical diabetes, suggesting 
that the autoimmune process has either reversibly impaired or even 
destroyed a significant percentage of B cells (see Chap. 20). This 
islet dysfunction is manifested by a reduced AIR to glucose,”'® and 
a relative reduction in the slope of glycemic potentiation and 
AIRmax-” Certain studies suggest that the B-cell destruction can 
be progressive not only because of continued autoimmune attack 
on the remaining B cells, but also because of the increasing de- 
mand placed on the dwindling number of B cells. This concept has 
led to attempts to arrest or delay the development of type | diabetes 
by treatment of high-risk subjects either with immune suppressants 
or with agents that rest the B cell.””? There are major therapeutic 
trials in progress to prevent or delay development of type 1 dia- 
betes in high-risk individuals.”*! To identify those at high risk for 
development of this disease, most workers have focused on the de- 
tection of autoantibodies generated by antigens released from de- 
stroyed 8 cells. The combination of the standard islet cell anti- 
body”? with autoantibodies against glutamic acid decarboxylase 
(GAD-65)"7 and a newer islet cell antibody (ICA 512) improves 
the prediction of risk?” since it increases the association with a 
markedly decreased AIRg™* (see Chap. 20). 


Type I Diabetes In type | diabetes, the B-cell damage is so exten- 
sive that there are few B cells left to compensate. The compensa- 
tion, if present, shows up in some type | diabetic patients as fasting 
plasma insulin or C-peptide levels that are within the normal range; 
in others, these values are low despite the marked stimulation by 
fasting hyperglycemia. In most patients, the endogenous insulin 
and C-peptide responses to secretagogues are low. 

Some type | diabetic patients go into remission, a so-called 
“honeymoon” period, usually within a few months of the institu- 
tion of insulin treatment and the resultant improvement in glycemic 
control. During this honeymoon phase, the requirement for exoge- 
nous insulin decreases and C-peptide levels usually rise, indicating 
a resurgence of endogenous insulin secretion from the residual 
B cells. The mechanism responsible for this improvement in insulin 
secretion is unknown. One theory is that chronic severe hyper- 
glycemia overdrives the residual B cells and desensitizes or ex- 
hausts them. Then, treatment with exogenous insulin lowers the 
plasma glucose level, reducing the drive and allowing the residual 
B cells to recover and to regain partial function. Unfortunately, the 
honeymoon period is usually transient, perhaps because of contin- 
uing autoimmune damage of the residual B-cell population. 


Type 2 Diabetes The pathophysiology of the hyperglycemia and 
the compensated insulin secretion of T2DM is described in detail in 
Chap. 21. Therefore, only a brief outline will be given here. Near- 
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total B-cell loss, a prominent feature of type 1 diabetes, is not a 
major feature of type 2 diabetes. Morphometric studies suggest that 
type 2 diabetic patients have lost at most 50% of their B cells. Be- 
cause a 50% B-cell loss in experimental animals does not produce 
the fasting hyperglycemia seen in type 2 diabetes, additional fac- 
tors, such as a dysfunction of the remaining ßB cells or concomitant 
insulin resistance, must contribute. Part of the B-cell dysfunction, 
particularly in the late stages of type 2 diabetes, may be due to the 
formation of the islet amyloid!*'*? via its inhibitory and eventually 
cytotoxic effect on B cells.” 

In animals with selective impairment of insulin secretion, the 
resulting hyperglycemia is the dominant factor that maintains the 
fasting insulin and acute insulin responses to nonglucose secreta- 
gogues in the normal range.”!> The same is true in patients with 
T2DM. For example, when the glucose levels of type 2 diabetics is 
lowered to those of normal individuals, the basal insulin level and 
the acute insulin responses to nonglucose stimuli become clearly 
abnormal.'*® Indices of B-cell function that are independent of 
plasma glucose level or that account for the effect of hyper- 
glycemia also reveal a marked impairment of insulin secretion: 
PI:IRI is increased, AIR to glucose is absent, and the slope of 
glycemic potentiation and AIR max, are both markedly reduced; PGs 
is normal.'’*'”’ Thus there is a major reduction in the capacity of 
type 2 diabetic patients to secrete insulin despite normal sensitivity 
of the B cells to the potentiating effects of glucose. 

Controversy exists regarding the primacy of the contribution of 
defects in insulin sensitivity versus insulin secretion to the develop- 
ment of T2DM. Although both defects are present, type 2 diabetes 
rarely occurs without impaired insulin secretion, and studies of 
first-degree relatives of type 2 diabetic patients report B-cell dys- 
function as an early lesion in this disease.” Further, careful stud- 
ies in groups at high risk for the development of T2DM reveal that 
they have an impairment of insulin secretion relative to the amount 
of their insulin resistance.'***"*?*! Many investigators believe that 
subjects with mild defects in insulin secretion do not present with 
clinical type 2 diabetes until they become sufficiently insulin resis- 
tant. In Western societies a common form of insulin resistance oc- 
curs in late middle age associated with increased abdominal obe- 
sity. This insulin resistance is thought to increase the demand for 
insulin secretion to the point where the defective B cell is unable to 
compensate.'*??3?-35 This attractive model of type 2 diabetes 
pathogenesis was confirmed earlier in primates with combinations 
of B-cell toxins and agents causing insulin resistance,'”° and more 
recently in mice with a gene knockout which impairs both insulin 
secretion and action, '87!88:'9 


CONCLUSIONS 


In vivo, pancreatic B cells adjust their output of insulin to compen- 
sate for changes in the sensitivity of tissues to insulin or for 
changes in B-cell number or function. Both the defect that elicits 
the compensatory response, and the compensatory response of the 
B cells themselves, can be reflected in indices of insulin secretion 
and B-cell function (Table 4-2). However, two generalizations are 
worthy of emphasis. First, the compensatory insulin response to in- 
sulin resistance is best reflected in the increase of the fasting in- 
sulin level. The usual accompanying glucose intolerance suggests 
that the compensation is not complete, but rather just sufficient to 
prevent fasting hyperglycemia. Second, the compensatory insulin 
response to partial B-cell loss or dysfunction usually normalizes 


the fasting insulin level, excluding its use as an index of B-cell loss 
or dysfunction. The slope of glycemic potentiation and AIR max are, 
however, decreased in approximate proportion to the degree of 
B-cell loss or dysfunction, thus providing clear evidence of a defect. 

The important implication of this last conclusion relates to the 
detection of latent diabetes in susceptible individuals. It seems 
likely that those measures of islet dysfunction that either take into 
account the ambient glucose level (slope of glycemic potentiation, 
PGs, and AIR max) or are independent of it (AIR to glucose) could 
detect B-cell dysfunction in individuals before it is severe enough 
to result in the fasting hyperglycemia characteristic of diabetes. In 
addition, relating these measures to the degree of insulin resistance 
has allowed the identification of individuals with subtler B-cell de- 
fects.°° Currently, major effort is being expended to identify indi- 
viduals at high risk for development of both type 1 and type 277738 
diabetes, because they are candidates for the therapeutic trials that 
might delay or prevent the onset of clinical diabetes. 
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Mechanisms of Insulin Action 
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Although the hormone insulin and its specific cell membrane re- 
ceptor share characteristics with many peptide growth factors and 
their receptors, insulin plays a unique role in human biology. Its ab- 
sence uniquely causes major abnormalities in multiple metabolic 
pathways and is lethal. In adults, the major actions of insulin lead 
to increased synthesis of protein, glycogen, and fat, thereby pro- 
moting muscle strength and energy reserves when food is avail- 
able. The signaling systems that mediate these anabolic responses 
to insulin regulate key controlling enzymes in these respective 
metabolic pathways. In general, these regulated enzymes are stim- 
ulated or inhibited by insulin through phosphorylation of protein 
serine/threonine residues or by dephosphorylation of such sites. 
Because the insulin receptor is a tyrosine kinase, the general under- 
lying feature of insulin signaling is switching the initial receptor- 
mediated tyrosine phosphorylation to modulation of protein serine/ 
threonine protein kinases and protein serine/threonine phosphate 
phosphatases. Over the past several years it has been recognized 
that one switch is the proto-oncogene product p21 ras, which binds 
guanosine triphosphate (GTP) in response to insulin and initiates 
activation of Raf protein kinases and in tum a cascade of other 
serine/threonine protein kinases (for reviews, see references | and 
2). This pathway appears to play a major role in mediating effects 
of insulin on cell proliferation. Another switching mechanism in- 
volves the activation of a lipid kinase, phosphatidylinositol-3- 
kinase (PI-3-kinase), which catalyzes the formation of 3’ 
polyphosphoinositides that in turn initiate recruitment and activa- 
tion of the serine/threonine protein kinases Akt (also denoted pro- 
tein kinase B) and certain protein kinase C isoforms (for reviews, 
see references 237-240). Many of the metabolic effects of insulin 
appear to be regulated by this pathway. This new information al- 
lows us for the first time to trace the molecular circuitry of insulin 
signaling pathways from the receptor tyrosine kinase through 
downstream events that regulate metabolic pathways. 

Activation of the Raf protein kinase cascade and Akt by insulin 
leads to extensive protein phosphorylations on serine/threonine 
residues in target cells within minutes of exposure to the hor- 
mone. This stimulation of protein phosphorylation by insulin in 
P-labeled cells is quantitatively greater than the enzyme dephos- 
phorylations that also occur, and can be easily visualized by elec- 


trophoretic analysis of whole-cell extracts. Several major proteit 
are targets of such phosphorylation in addition to the above protei 
serine/threonine kinases themselves, including the forkhead trar 
scription factor (X5 and X6), S6 ribosomal protein,’ ATP citrat 
lyase," acetyl CoA carboxylase,” PHAS,*"'® and several unider 
tified species. The insulin receptor is also serine/threonine pho: 
phorylated in response to insulin binding in intact cells.'' Althoug 
increased serine/threonine phosphorylation of cellular proteins is 
major effect of insulin, in many instances the physiologic effect o 
these proteins has not been determined. However, recent excitin, 
data indicate that insulin-mediated phosphorylation of PHAS dra 
matically modulates its activity and plays a major role in increasin; 
protein synthesis. Also, phosphorylation of forkhead in response tı 
insulin appears to play a major role in regulating transcription o 
hepatic enzymes involved in gluconeogenesis." 

New information has also yielded insights into how enzyme 
dephosphorylations may occur in response to cell signaling by in. 
sulin. Such dephosphorylations include that of glycogen synthase 
which increases the activity of the enzyme, leading to increasec 
glycogen deposition,!? and hormone-sensitive lipase, which in- 
hibits its activity and the hydrolysis of triglyceride stores.” Simi- 
larly, pyruvate dehydrogenase is dephosphorylated and activated in 
response to insulin," leading to increased synthesis of acetyl CoA 
and fatty acids. Regulation of protein serine/threonine phosphate 
phosphatases appears to involve their recruitment to target en- 
zymes. This recruitment may result from the action of one or more 
protein serine kinases on regulatory subunits of the protein phos- 
phatase 1.'° However, recent results show rather normal insulin 
responsiveness of glycogen synthase activity in mice where such a 
major regulatory subunit is ablated through gene knockout tech- 
niques.” Thus there may be other phosphatases involved in these 
insulin actions. The identity of such hypothetical insulin-sensitive 
phosphatases is an important area of future investigation. In addi- 
tion, decreased protein kinase activity in response to insulin has 
been established as a possible mechanism of protein dephosphory- 
lation, as discussed below in reference to glycogen synthase regu- 
lation. 

Taken together, the above considerations indicate that under- 
standing the molecular basis of insulin’s actions will depend on 
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defining the many molecular elements involved in linking the in- 
sulin receptor tyrosine kinase to target protein serine/threonine 
phosphorylations and dephosphorylations. This review summa- 
rizes our current understanding of such signaling elements, using 
insulin’s actions on glucose transport, protein synthesis, and glyco- 
gen synthesis to exemplify their mechanisms of action. 


THE INSULIN RECEPTOR 


The insulin receptor is a large heterotetrameric transmembrane 
glycoprotein that is expressed in nearly all vertebrate tissues at lev- 
els ranging from as few as 40 receptors per cell in circulating ery- 
throcytes to over 200,000 receptors per cell in adipocytes.'*!? The 
receptor is composed of two 723-amino-acid polypeptide a sub- 
units that are each linked to a B subunit (620 amino acids) and to 
each other by disulfide bonds, forming a functional dimeric protein 
complex (Fig. 5-1).'*-?' The extracellular a subunits contain the 
insulin binding domain,”-** and the transmembrane B subunits 
contain the insulin-regulated tyrosine kinase domain.”*”° Both 
subunits are derived from a single proreceptor by proteolytic pro- 
cessing at a site consisting of four basic amino acids.” Nonco- 
valent dimerization of ligand-bound receptor tyrosine kinases is 
generally observed,*"*! but the insulin receptor (along with the 
closely related IGF-1 receptor and insulin-related receptor’”~*) is 
unique in that the unbound receptor is maintained in the basal state 
as a covalent dimer.” 

The insulin receptor gene is located on the short arm of human 
chromosome 19, near the low-density lipoprotein (LDL) receptor 
gene, and encodes a 4.2-kb mRNA, despite its 150-kb length.” The 
large size of the insulin receptor gene may lead to an increased sus- 
ceptibility to random mutation, and hence to receptors with altered 


FIGURE 5-1. Structural features of the insulin receptor. The insulin recep- 
tor is a heterotetramer with two a and two B subunits linked by interchain 
disulfide bonds (—SS—). The a and B subunits are synthesized as a single 
polypeptide prior to proteolytic cleavage. The a subunits reside entirely on 
the extracellular surface. Numbering of individual amino acid residues are 
as in HTR-A, Ex11-.'° Open rectangles. ligand-binding domains. Filled 
rectangles, juxtamembrane region. Filled circles, ATP-binding region. 
Open oval, regulatory region (Y xx YY). All tyrosines (Y) shown can be 
phosphorylated upon receptor activation. 
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biochemical activity. Alternative splicing of the receptor mRNA at 
exon 11 produces two nearly identical isoforms differing by 12 
amino acids at the carboxyl-terminus of the a subunit.*°?” These 
receptor variants are termed HIR-A (human insulin receptor, vari- 
ant A, Ex!12, lacking the 12 amino acids of exon 11) and HIR-B 
(Ex111). Although these isoforms are reported to exhibit subtle 
biochemical and physiologic differences,” #33 changes in receptor 
protein isoform expression levels have not been consistently found 
in patients with diabetes mellitus.?”“° 

The binding of insulin to its receptor occurs with a stoichiome- 
try of between | and 2 insulin molecules per receptor, and displays 
negative cooperativity as determined by Scatchard analysis.*! Iden- 
tification of the insulin-binding site or sites has been an important 
goal due to the implications such a finding has on the design of in- 
sulin analogs for therapeutic use. Although the exact sequences of 
the insulin receptor that directly associate with hormone are still 
being defined, the ligand-binding domain has been broadly mapped 
to the first 500 amino acids of the a subunit.“ Use of various 
techniques such as affinity labeling, epitope mapping, in vitro mu- 
tagenesis, and construction of IGF-1/insulin receptor chimeras has 
allowed the identification of hormone-binding determinants within 
distinct regions of the a-subunit amino terminus.” Mutations in 
other regions of the a subunit can also adversely affect insulin 
binding, indicating that the hormone-binding site is created by the 
three-dimensional structure of the œ subunit and does not rely 
solely on a linear segment of primary amino acid sequence.'* 

Once insulin is bound to the receptor, the B subunits undergo 
rapid autophosphorylation on tyrosine residues in the intracellular 
juxtamembrane domain (Y960, numbering of HIR-A, Ex112),?” 
the regulatory region within the kinase domain (Y1146, Y1150, 
Y1151), and the carboxy] terminus (Y 1316, Y1322).'*!9?° Tyro- 
sine autophosphorylation appears to occur through a trans- 
mechanism in which insulin binding to the a subunit of one af 
dimer stimulates the phosphorylation of the adjacent covalently 
bound 8 subunit. Hormone binding appears to relieve an in- 
hibitory constraint imposed by the extracellular domain of the re- 
ceptor on its tyrosine kinase activity. This observation is based on 
several studies showing that proteolytic cleavage or mutagenesis of 
the extracellular domain results in constitutive receptor tyrosine ki- 
nase activity.’ Consistent with these findings, crystallographic 
studies have shown that in the absence of insulin, the receptor’s cy- 
toplasmic domains bind and block its own active sites via a cis- 
inhibitory mechanism. This inhibition is relieved by insulin bind- 
ing, which induces a conformational change in the receptor such 
that trans-tyrosine autophosphorylation and activation can occur.”” 
Thus the insulin receptor behaves as a classic allosteric enzyme 
with both regulatory (œ) and catalytic (B) subunits. Further analy- 
sis of the insulin receptor tyrosine kinase domain in the tyrosine 
phosphorylated state by x-ray crystallography has revealed a major 
change in the conformation of an inhibitory loop that blocks cat- 
alytic activity of the kinase (325). Thus the action of autophospho- 
rylation of the receptor kinase to increase tyrosine kinase activity 
of the receptor can be explained at high resolution. 

The autophosphorylation of the regulatory region increases the 
activity of the receptor tyrosine kinase 10- to 20-fold, leading to 
greatly increased tyrosine phosphorylation of cellular proteins, 
such as IRS-1 and Shc.*'*? The activation of the receptor tyrosine 
kinase also permits transmission of the insulin signal to metabolic 
pathways, such as glucose transport, glycogen synthesis, protein 
synthesis, and lipid metabolism, within the cell.'? The receptor is 
also phosphorylated on both serine and threonine residues by cellu- 


Chapter 5 


lar kinases both in the basal state and after stimulation by phorbol 
esters, cyclic AMP analogs, and prolonged insulin treatment." 
These phosphorylation events are often inhibitory to the receptor 
tyrosine kinase,***° and provide an additional level of control that 
may play an important role in altering receptor activity in both 
physiologic and pathologic states. The combination of hormone 
binding, tyrosine autophosphorylation, and serine/threonine phos- 
phorylation appear to comprise a complex network of regulatory 
mechanisms for maintaining appropriate insulin receptor function. 

Numerous mutational studies have been performed to address 
the contribution of various domains and individual amino acid 
residues on ligand-receptor binding, receptor activation mecha- 
nisms, and intracellular signaling pathways, as well as receptor 
regulation and internalization. Although much of this information 
remains controversial, there have been some notable findings. 
Among these discoveries is that the tyrosine kinase activity of the 
receptor is essential for the metabolic and growth-promoting ac- 
uons of insulin and for receptor internalization. Introduced muta- 
tions at the conserved lysine residue (K1018) in the kinase ATP- 
binding pocket abolish receptor tyrosine kinase activity and 
signaling,”° and naturally occurring receptor mutations in this re- 
gion have been found in cells of insulin-resistant individuals.*°° 5" 
Numerous studies have also found that autophosphorylation of the 
regulatory region within the kinase domain is essential for regulat- 
ing the kinase activity of the receptor towards endogenous sub- 
strates, such as IRS-1, and for the generation of metabolic signals, 
particularly glucose transport and glycogen synthesis, from the re- 
ceptor (reviewed in reference 59). 

In addition to signal transduction, the insulin receptor mediates 
internalization of itself bound to hormone. Endocytosis of this 
complex leads to insulin degradation and recycling of receptors 
back to the plasma membrane." It appears that signaling by the in- 
sulin receptor in endosomes may be limited,”"* and is not required 
for its action on glucose utilization.”"” Interestingly, both the PI-3- 
kinase and MAP kinase pathways may be involved in regulating in- 
sulin receptor endocytosis and downstream trafficking.™® Other 
proteins implicated are the GTPase Ral?” and sorting nexins.?*° 
Although the mechanism by which the hormone-receptor complex 
is internalized is still under investigation, available evidence indi- 
cates the existence of more than one pathway for this process.©*! 
Aggregation of receptors into coated pits is a common initial endo- 
cytic step for many receptors, and is likely also a major pathway 
used by the insulin receptor.°' In cases of prolonged insulin 
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stimulation, as is seen in patients with type 2 diabetes mellitu: 
(T2DM),™ receptors are degraded along with hormone, resulting ir 
receptor downregulation and attenuation of the insulin signal.*-™ 
These cases of hyperinsulinemic downregulation have been re- 
ported to cause selective loss of the HIR-A variant, as these recep- 
tors are preferentially occupied, internalized, and degraded.” 6 
Although insulin receptor internalization may not be required for 
full insulin action,” the internalized receptor is still catalytically 
active.” Impaired receptor internalization has been observed in 
cells of patients with T2DM,™ suggesting that some element of the 
insulin signaling pathway is defective and may contribute to the 
disease state. 


INSULIN RECEPTOR SUBSTRATES 


In addition to the multisite tyrosine phosphorylation of the B sub- 
unit of the receptor, several endogenous candidate substrates for 
the insulin receptor tyrosine kinase have been identified in insulin- 
responsive tissues such as muscle, adipose tissue, and liver. These 
putative substrates appear to initiate events that lead to protein ser- 
ine/threonine kinase and protein serine/threonine phosphate phos- 
phatase regulation. The proteins in intact cells that are tyrosine 
phosphorylated (Table 5-1) in response to insulin include the first 
identified insulin receptor substrate, referred to as [RS-1,”*”° and 
the Src homology collagen (Shc) protein, which has several 
forms.® Several isoforms of IRS-1 have now been identified, in- 
cluding IRS-2,?"' IRS-3,?*? and IRS-4.2** The insulin-dependent 
tyrosine phosphorylation of several other substrates has also been 
reported, including Gab-1,7** APS, CAP,’ Grb10,”™?? and 
pp62Dok.*” The full functional significance of these latter sub- 
strates is in the process of being determined. Therefore, we shall 
emphasize the best characterized tyrosine phosphorylated sub- 
strates (IRS-! and related isoforms, and Shc) in this section and the 
next. 

IRS-1 was initially identified as a 185-kd phosphoprotein pres- 
ent in antiphosphotyrosine immunoprecipitates from insulin- 
stimulated Fao hepatoma cells.” It is rapidly tyrosine phosphory- 
lated in response to insulin in a dose-dependent manner. IRS-1 has 
been identified in virtually all insulin-sensitive cell types examined 
including rat myoblasts, Chinese hamster ovary cells, and 
adipocytes from rat, mouse, and humans (reviewed in reference 
74). IRS-1 was successfully purified from liver extracts,’> and 


Table 5-1. Cellular Targets of Tyrosine Phosphorylation in Response to Insulin 


Phosphoprotein 


Insulin receptor Receptor kinase activation 


Role of Tyrosine Phosphorylation Possible Physiologic Role of Phosphoprotein 


Tyrosine phosphorylate substrates and initiate insulin actions 


Insulin receptor substrate (IRS) proteins 1—4 Binding of SH2-containing proteins 


Binding and activation of PI-3-K 
Binding and activation of SHP2 
Binding and activation of Grb-2 
Binding and activation of Nck 


Gab-| Binding of Grb2 
Binding of PI-3-kinase 
Binding of PLC 


c-Cbl Binding of C3G 
APS Binding of c-Cbl 
pp62P™ 

Grb10 


Activation of Akt 

Activation of p2lras 

Activation of p2lras 

Actin polymerization 

Activation of p21] ras 

Activation of Akt 

Activation of PKC 

Activation of TC10 and Actin polymerization 
Insulin receptor degradation 

Negative regulator of P21ras/MAP kinase 
Negative regulator of insulin receptor kinase 
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sufficient amino acid sequences of peptides were obtained to allow 
cloning of the full-length cDNA from a rat liver library.” Compar- 
ison of IRS-1 cDNA clones from the rat liver, mouse 3T3-L1 
adipocytes,” and human skeletal muscle’® reveals striking similar- 
ity at the nucleotide and amino acid level. Analysis of the IRS-1 
amino acid sequence reveals a number of potential functionally im- 
portant motifs, including a possible nucleotide-binding site near 
the amino-terminus and a pleckstrin homology (PH) domain be- 
tween amino acid residues 7 and 120. PH domains are found in a 
variety of signaling molecules” and have been postulated to medi- 
ate protein-protein or protein-lipid interactions. In the case of IRS- 
1, the PH domain has been shown to be crucial for its proper en- 
gagement with the insulin receptor. 6!” The PH domain appears 
to act in tandem with an adjacent domain, the PTB domain, in 
specifically orienting its association with the insulin receptor for 
optimal tyrosine phosphorylation.” PTB domains are known to 
bind directly to phosphotyrosine-containing peptides,”"™?® and in 
the case of the insulin receptor, tyrosine 960 in its juxtamembrane 
domain has been identified as the binding site for the IRS-1 PTB 
module.” Amino acid residues N-terminal to this tyrosine phos- 
phate participate in defining the specificity of PTB domain binding. 
The PTB domains of the IRS isoforms are highly similar in amino 
acid sequence. Thus the combined actions of the PH and PTB do- 
mains of all the IRS proteins are thought to direct the physical as- 
sociation of these substrates to the insulin receptor. In addition, in- 
teractions of these domains with the insulin receptor are likely 
highly regulated by signaling mechanisms designed to control the 
strength of the signals emanating from the receptor. 

The most prominent feature of the IRS-1 molecule is the 
presence of at least 20 potential tyrosine phosphorylation sites, in- 
cluding 6 that occur in a repetitive motif YMXM, and 3 that pres- 
ent within a YXXM motif. Multiple potential tyrosine phosphory- 
lation sites are also a prominent feature of the structures of the 
other IRS proteins.”°* Recent studies have unveiled a specialized 
functional role for tyrosine phosphorylated YXXM/YMXM mo- 
tifs in the recognition of a specific protein domain homologous to 
a region of the Src tyrosine kinase referred to as the Src homol- 
ogy (SH)2 domain. SH2 domains are present in many intracellular 
signaling molecules, and bind with high affinity to specific phos- 
photyrosine motifs, thus creating the basis for specific protein— 
protein interactions within the cell. Moreover, several SH2- 
containing proteins possess intrinsic catalytic activities that appear 
to be regulated upon binding to specific phosphotyrosine motifs. 
IRS-1 also contains at least 35 potential serine or threonine 
phosphorylation sites, including recognition motifs for cyclic 
AMP-dependent protein kinase, protein kinase C, casein kinase 
II, and cdc2 kinase. IRS-1 is highly phosphorylated on serine and 
threonine residues; however, the exact residues and the functional 
significance of these phosphorylations in the intact cell are cur- 
rently being defined.” Insulin action reportedly enhances phos- 
phorylation of IRS-1 at a casein kinase II site.” Insulin also 
appears to initiate a feedback inhibition loop whereby the down- 
stream protein serine/threonine kinase Akt phosphorylates IRS to 
cause inhibition of its function.””” 

The presence of multiple phosphorylated tyrosyl residues on 
IRS proteins, each with a selective binding specificity for PTB- or 
SH2-containing proteins, provides a mechanism for divergence of 
the insulin signal. According to this paradigm, tyrosine phosphory- 
lation of IRS-1 and its isoforms provides a stage for the assembly 
of multimolecular signaling complexes and represents a potential 
pivotal point at which insulin-mediated metabolic and mitogenic 


responses might diverge.” Because EGF and PDGF receptors 
fail to phosphorylate IRS-1,” such a mechanism also provides a 
level of specificity regarding the molecular events unique to insulin 
action. Several signaling molecules have been demonstrated to 
bind, in an insulin-dependent manner, to specific phosphotyrosine 
motifs on IRS-1 and its isoforms. These proteins include the 
p85/p110 type PtdIns 3’ kinase, which is required for the activation 
of one major switch mechanism to activate protein serine/threonine 
kinases. A second set of interacting proteins include the growth 
factor receptor—bound protein-2 (Grb2), the protein tyrosine phos- 
phatase Syp/SHP2, and the adaptor Shc, all of which are involved 
in activating a second major pathway through the proto-oncogene 
GTPase p21Ras. How these proteins may contribute to the down- 
stream actions of insulin will be briefly described. 

The p85/p110-type PtdIns 3’ kinase is one of several lipid ki- 
nases responsible for the phosphorylation of phosphoinositides on 
the 3-position of the D-myo-inositol ring. This enzyme produces 
PtdIns(3)P, but also the multiphosphorylated PtdIns(3,4)P2 and Pt- 
dIns(3,4,5)P3 products. The physiologic role of these novel phos- 
pholipids has been studied extensively, and several downstream ef- 
fector domains characterized, including FYVE and PX domains 
[PtdIns(3)P]°’' and certain PH domains [Ptdins(3,4)P2 and Pt- 
dIns(3,4,5)P3].””? The p85/p110-type PtdIns 3’ kinase activation 
has been linked to several biologic actions, including glucose trans- 
port regulation, glycogen synthesis, growth factor-stimulated mi- 
togenesis, and cellular growth. The enzyme is comprised of a 110- 
kd catalytic subunit (p110) and an 85-kd regulatory subunit (p85), 
which contains two SH2 domains and a single SH3 domain. PtdIns 
3’ kinase was the first enzymatic activity shown to associate with 
tyrosine phosphorylated IRS-1.”° More recently, in vitro studies in- 
dicate that phosphotyrosines at positions 608 and 939 of IRS-1*! 
preferentially bind to the SH2 domains of p85, thus enhancing Pt- 
dins 3’ kinase activity. This IRS-mediated pathway is illustrated in 
Fig. 5-2A. It is clear that binding of this lipid kinase is a major 


FIGURE 5-2. Elements of the PI-3-kinase pathway. A. The insulin receptor 
catalyzes tyrosine phosphorylation of IRS proteins which recruit the p85 
regulatory subunit of Pl-3-kinase to the membrane, where the catalytic 
p110 subunit phosphorylates PtdIns(4,5)P2 to produce PtdIns(3,4,5)P3. B. 
Membrane-bound Ptdins(3,4,5)P3 attracts the protein serine/threonine ki- 
nases PDK1 and Akt to the membrane through binding their PH domains, 
where PDKI phosphorylates and activates Akt. Other protein kinases are 
also phosphorylated and activated by PDK], while substrates of Akt in- 
clude the protein kinase GSK3, transcription factors forkhead and CREB, 
and the apoptosis-related protein BAD. 
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function of all the IRS proteins, and that activation of its down- 
stream protein serine/threonine kinases represents a major pathway 
for the regulation of metabolic processes by insulin in its target 
tissues.” 

Another cellular component capable of binding specifically to 
IRS-1 is Grb2,®! a protein first characterized by its ability to bind 
directly to tyrosine-phosphorylated EGF receptors." Grb2 is de- 
void of catalytic activity and is comprised of a single SH2 domain 
flanked by two distinct protein-binding domains that share signifi- 
cant homology to a region of the Src tyrosine kinase referred to as 
the SH3 domain. SH3 domains recognize proline-rich sequences, 
thus mediating specific protein-protein interactions.**** The 
SH2/SH3-containing Grb2 molecule is particularly interesting, 
because it binds the ras activating protein, Son-of-sevenless 
(Sos).*°*© Therefore, one possible consequence of insulin- 
dependent formation of IRS-1:Grb2:Sos complexes is the activa- 
tion of ras.’ It has been suggested that IRS-1 is indispensable for 
insulin-stimulated mitogenesis and cell-cycle progression”; how- 
ever, gene knockout experiments demonstrate that IRS-1 is not re- 
quired for insulin-mediated responses to be observed in intact ani- 
mals.5®® The ability of insulin to stimulate mitogen-activated 
protein kinase in livers of normal mice and those homozygous for 
the IRS-1 knockout was indistinguishable. Moreover, replacement 
of the specific Grb2 recognition site on IRS-1 (tyrosine 895) with 
phenylalanine fails to abrogate insulin-induced mitogenesis.” 
These results provide evidence for an IRS-1—-independent pathway 
that contributes to the mitogenic response that may involve Grb2 
association with other putative insulin receptor substrates such as 
other IRS protein isoforms or Shc. 

The microtubule-activated GTPase dynamin also binds to the 
SH3 domain(s) of Grb2 through a proline-rich region present in its 
COOH-terminal domain.°'~*? Evidence suggests that the dynamin 
GTPase activity is increased upon binding to the Grb2 SH3 do- 
main.” Insulin stimulation results in the formation of a het- 
erotrimeric complex between IRS-1 and Grb2:dynamin. GTPase 
activity is stimulated when a phosphotyrosine peptide containing 
the Grb2 binding site of IRS-1 is added to the dynamin:Grb2 com- 
plex in a cell-free system.”* The precise role that the dynamin plays 
in receptor-mediated signaling events remains unclear; however, 
several recent reports suggest a functional role in receptor- 
mediated endocytosis” and clathrin-coated vesicle function.’ Mu- 
tations within the GTP binding site of dynamin block receptor- 
mediated endocytosis at a stage following coat assembly and 
preceding the sequestration of ligand into deeply invaginated 
coated pits.” The next critical step is to precisely define the func- 
tonal role, if any, of IRS-1:Grb2:dynamin complex formation in 
the insulin-induced endocytic event. 

A third SH2-containing molecule capable of binding to phos- 
phorylated IRS-1 in response to insulin is the protein tyrosine 
phosphatase, Syp/SHPTP2/SHP2.*!*’ SHP2 contains two SH2 do- 
mains, both of which are believed to mediate binding to tyrosine- 
phosphorylated IRS-1.”* A systematic analysis of the relative bind- 
ing affinities of various IRS-1 phosphopeptides for the amino- and 
carboxy-terminal SH2 domains of SHP2 revealed preferential 
binding of phosphotyrosine residues 1172 and 1222, respec- 
tively.” These IRS-1 phosphopeptides specifically stimulate 
SHP2 phosphatase activity up to 50-fold in vitro, suggesting that 
SHP2 represents a second enzymatic activity regulated upon asso- 
ciation with IRS-1. Recent investigations using a catalytically inac- 
tive SHP2 mutant, which still binds IRS-1, demonstrate that 
insulin-dependent formation of the IRS-1:SHP2 complex may con- 
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tribute to insulin-induced ras activation; "™!®! however, the molec 
ular mechanism for this role of SHP2 has yet to be elucidated.” 

SHP2 also binds directly to the SH2 domain of Grb2 in re 
sponse to PDGF.'” This interaction is presumably a reflection o 
PDGF- induced tyrosine phosphorylation of SHP2.'°2-'™ Insulin re 
ceptor activation does not result in the tyrosine phosphorylation o 
SHP2,” a finding consistent with the inability to detect a comple) 
of SHP2 and Grb2 after insulin treatment." In any event, the abil 
ity of SHP2 to associate with IRS-! in an insulin-dependent man 
her suggests this protein may be one of many participants in tht 
cascade of events mediating the biologic actions of insulin. 

Several variant sequences in the IRS genes have been reportec 
to be increased in prevalence among patients with T2DM, for ex: 
ample the Gly to Arg72 substitution in IRS-1 that seems to have ¿ 
pathogenic role.'"?7**’8 The regulation of insulin signaling 
through IRS-1 has been studied in several models of diabetes, in- 
cluding the insulin-deficient streptozocin (STZ)-treated rat and the 
insulin-resistant ob/ob mouse. ”*!”5 These studies demonstrate tha! 
IRS-1 phosphorylation parallels that of insulin receptor phosphory- 
lation, suggesting that the tyrosine kinase activity of the receptor is 
rate-limiting in the cascade of events following insulin administra- 
tion to diabetic animals. Furthermore, in diabetic animals the level 
of IRS-1 protein is differentially regulated in liver and muscle. In 
the liver, IRS-1 protein is increased in hypoinsulinemic states and 
decreased in hyperinsulinemic states, whereas the converse is ob- 
served in muscle. Collectively, these data suggest that IRS-I is cen- 
trally located within the insulin-signaling pathway and, by virtue of 
its ability to assemble multimeric protein complexes, is uniquely 
positioned to orchestrate biologic responses to insulin. Recent 
studies using cells with low endogenous levels of IRS-1, such as 
oocytes% and 32-D myeloid progenitor cells,'”’ provide evidence 
that IRS-1 is critical for the restoration of insulin-dependent cell- 
cycle progression. Furthermore, IRS-1—deficient mice exhibit im- 
paired growth and development as well as some resistance to the 
glucose-lowering effect of insulin.” Insulin signaling is also 
dramatically impaired in mice with only one allele each of the in- 
sulin receptor and IRS-1 genes.™™ Therefore, IRS-1 appears to be 
necessary for normal growth and metabolism. Similarly, it is likely 
that IRS-2 also contributes significantly to glucose homeostasis, 
based on studies with IRS-2-deficient mice, and this includes sig- 
nificant effects both in the peripheral tissues,°*-78° and in the B 
cells”*’ of the pancreas which produce and secrete insulin. Taken 
together, these studies of mice with ablated IRS genes fully support 
a central role of IRS-1 and IRS-2 in the mechanisms by which in- 
sulin signals to its target cells. 


INSULIN ACTION THROUGH 
THE PI-3-KINASE SIGNALING PATHWAY 


The generation of cellular 3’ phophoinositides by activation of the 
p85/p110 type PI-3-kinase through its recruitment to insulin recep- 
tor substrate proteins represents a major triggering event for a mul- 
titude of insulin’s actions. These include many physiologically im- 
portant metabolic effects, such as its regulation of glucose 
transport in muscle and fat, as well as its enhancement of glycogen 
synthesis and protein synthesis. The insulin-activated PI-3-kinase 
acts preferentially on PtdIns(4,5)P2 to yield the signaling lipid Pt- 
dins(3,4,5)P3, as depicted in Fig. 5-2A. This mediator, as well as 
PtdIns(3,4)P2 that is generated either by phophosphorylation of Pt- 
dins(4)P or dephosphorylation of PtdIns(3,4,5)P3, appears in the 
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inner leaflet of the plasma membrane very rapidly upon insulin 
stimulation. This cell surface localization has been established 
through the use of PH domains that have high affinity and selec- 
tivity for binding PtdIns(3,4,5)P3 or PtdIns(3,4,5)P3 and Ptd- 
Ins(3,4)P2.788-2% Phosphorylation of PtdIns to generate PtdIns(3)P 
also probably occurs in response to insulin, but this adds little to 
the total pool of PtdIns(3)P present in unstimulated cells. Thus the 
PI-3-kinase pathway of insulin signaling is thought to reflect down- 
stream events initiated by the two 3’ polyphosphoinositides de- 
scribed above. 

The major downstream effector proteins of PtdIns(3,4,5)P3 
and PtdIns(3,4)P2 in response to insulin are thought to be the pro- 
tein kinases PDK] and Akt.” As shown in Fig. 5-2B, both protein 
kinases are thought to localize to the plasma membrane through 
binding of their PH domains to these phosphoinositides. There is 
evidence that the higher affinity of the PDK1 PH domain for phos- 
phoinositide compared to that of Akt renders the former protein ki- 
nase membrane-bound even in the absence of insulin.” According 
to this scheme, Akt is recruited to PtdIns(3,4,5)P3 at the plasma 
membrane, thus allowing it to become a substrate for PDK1. Phos- 
phorylation of Akt at threonine 308 by PDK1 and serine 473 by an 
unknown protein kinase causes activation of its protein kinase ac- 
tivity. The active form of Akt can presumably move to the cyto- 
plasm as well as migrate to the nucleus, where it can phosphorylate 
substrates. 

The PI-3-kinase cascade leads to the activation of multiple pro- 
tein serine/threonine kinases based on the fact that both PDK1 and 
Akt can phosphorylate and activate several such enzymes (Fig. 5- 
2B). PDK1, for example, acts on the serum- and glucocorticoid- 
induced kinases,” p70 S6K protein kinase,”™* p21-activated pro- 
tein kinase,” and p90 RSK protein kinase,” and two protein 
kinase C isoforms.””’ Akt, on the other hand, phosphorylates and 
inactivates the protein kinase GSK3,7"8?5? which modulates glyco- 
gen synthase as discussed in detail in a later section. These protein 
kinases downstream of PDK] and Akt each potentially have multi- 
ple substrates which can potentially regulate multiple cellular 
processes. Thus a tremendous diversity of cell functions can be 
regulated by the production of 3’ polyphosphoinositides in re- 
sponse to insulin. These include nuclear functions. For example, 
the phosphorylation of the transcription factor forkhead by Akt oc- 
curs acutely in response to the hormone,” but other kinases 
may also be critical to regulation of forkhead.*°” Recent evidence 
suggests that hepatic gluconeogenesis may in part be inhibited by 
insulin through this forkhead-mediated mechanism which regu- 
lates gene expression."°* Three other examples of signaling down- 
stream of PDK1 are the regulation of glucose transport, glycogen 
synthesis, and protein synthesis, as discussed in detail below. 


REGULATION OF GLUCOSE TRANSPORT 


One of the most dramatic and important biologic functions of in- 
sulin in vivo is the rapid stimulation of glucose transport across 
muscle and fat cell membranes. This effect has been extensively 
studied both in vivo and in isolated cell systems, where effects of 
insulin in the 10- to 30-fold range are readily observed. Only fat 
and muscle cells exhibit this extraordinary responsiveness to in- 
sulin with respect to glucose uptake, and only these cell types ex- 
press a particular glucose transporter protein isoform, GLUT-4'8 
(also known as the insulin-regulated glucose transporter). In the ab- 
sence of insulin, almost all of the GLUT-4 transporter is se- 


questered in intracellular, tubulovesicular endosomal membrane 
structures, as visualized by immunoelectron microscopy.'™'' 
Fractionation of fat or muscle cells in the basal state leads to a low- 
density microsome preparation that is rich in GLUT-4 transporter 
protein. Addition of insulin to intact muscle or fat cells rapidly re- 
distributes the GLUT-4 from the low-density microsomes to the 
plasma membrane fraction.'''!!* Cell surface localization of 
GLUT-4 in response to insulin is confirmed by immunoelectron 
microscopy. °"! A variety of independent techniques have further 
documented this major effect of insulin to cause GLUT-4 trans- 
porters to localize at the cell surface membrane, where they can 
catalyze glucose transport.''?-'!® It is not known whether addi- 
tional effects of insulin are involved in regulating glucose uptake, 
such as an increase in the intrinsic catalytic activity of glucose 
transporter proteins.!!” 

Data now available related to insulin action on glucose trans- 
port suggest two possible mechanisms whereby intracellular 
GLUT-4 in endosomal membranes may redistribute to the plasma 
membrane. The first possibility is that sequences within the GLUT- 
4 molecule cause intracellular retention of the protein by binding to 
putative intracellular membrane receptor species. According to this 
concept, such GLUT-4 receptors might prevent GLUT-4 from trav- 
eling back to the plasma membrane via endosomal recycling path- 
ways. Consistent with this hypothesis, several laboratories have re- 
cently identified domains within the GLUT-4 transporter that 
appear to be necessary for intracellular sequestration. Three groups 
have identified the 30-amino-acid COOH-terminus of GLUT-4 as 
the major sequestration signal.''®-'?° Sequences within the middle 
region of GLUT-4 have also been suggested as influencing intracel- 
lular localization by two laboratory groups. |!#-!2! It is not clear 
why earlier indications of a role for N-terminal sequences of 
GLUT-4 in maintaining its unique cellular localization!” have not 
been observed by other laboratories.''*'”° However, experiments 
with chimera glucose transporters expressed in cultured adipocytes 
do appear to suggest some influence of the N-terminal region of 
GLUT-4 on its trafficking.“ 

Recently, a dileucine motif has been identified as the element 
within the COOH-terminal 30 amino acids of GLUT-4 that may be 
responsible for its sequestration signal.'**'** Other nearby acidic 
sequences may also be involved.” Mutation of these leucines 
(residues 489 and 490) to alanines abolishes the ability of the 
GLUT-4 COOH-terminus to direct intracellular localization, al- 
though this may not be the case in cultured adipocytes.” These 
experiments were conducted by utilizing chimera transporter con- 
structs, linking regions of GLUT-4 to domains of the ubiquitously 
expressed GLUT-1 transporter isoform. GLUT-1 is predominantly 
a cell surface protein even in the basal state. Thus, substituting the 
30-amino-acid COOH-terminus of GLUT-4, but not the dialanine 
mutant construct, confers an intracellular localization to this trans- 
porter chimera. It remains to be determined whether other domains 
of GLUT-4 act in concert with the dileucine motif, but the latter is 
clearly an important functional element. Importantly, these data 
lead to the hypothesis that an as-yet-unidentified receptor for this 
dileucine motif plays a role in GLUT-4 sequestration within the en- 
dosomal compartment. Furthermore, insulin action may cause dis- 
ruption of this interaction between GLUT-4 and its dileucine recep- 
tor to cause release of GLUT-4 into the membrane recycling 
pathway. This hypothesis requires rigorous evaluation and testing 
in future studies. 

A second mode by which insulin may regulate GLUT-4 redis- 
tribution to the plasma membrane is the stimulation of bulk intra- 
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cellular membrane flow to the cell surface. According to this hy- 
pothesis, GLUT-4 present in intracellular membrane compartments 
would be moved with these membranes as they translocate to the 
plasma membrane. This concept is consistent with several studies 
that indicate the major effect of insulin is to stimulate exocytosis of 
GLUT-4 from intracellular vesicles, although an insulin effect to 
inhibit endocytosis of GLUT-4 has also been observed.*!?5-!76 Esti- 
mations of the kinetics of endocytosis versus exocytosis of GLUT- 
4 in basal and insulin-stimulated cells indicate that GLUT-4con- 
tinuously recycles between plasma membrane and intracellular 
membranes in both conditions. 

Further support for the concept that insulin causes bulk mem- 
brane movement to the cell surface has been recently reported. 
First, many other receptors and transporter proteins, such as 
GLUT-1, are also depleted in intracellular membranes upon insulin 
action, suggesting an effect even on proteins that lack the dileucine 
motif.'?”!?8 Second, components that are involved in membrane 
docking and fusion events, such as Rab and guanine nucleotide dis- 
sociation inhibitor (GDI) proteins, are markedly modulated by in- 
sulin.'?'°° Both Rab4 and the GDI2 isoform are released from en- 
dosomal membranes to the cytoplasm upon insulin action. This is 
consistent with the notion that insulin causes membrane move- 
ments and fusions, resulting in the rapid cycling of these proteins. 
Similar data have been presented for the synaptobrevin protein.'*! 
The membrane proteins thought to be involved in the trafficking 
and fusion of GLUT-4—containing vesicles have recently been dis- 
cussed in a review format.” Finally, insulin causes a decreased 
amount of GLUT-4 vesicle mass when these membranes are puri- 
fied from control versus stimulated adipocytes.” Taken together, 
these results are consistent with the notion that insulin receptor sig- 
naling causes major changes in the dynamics of membrane recy- 
cling pathways and exocytosis of GLUT-4, causing increased con- 
centrations of GLUT-4 and other proteins in these compartments at 
the cell surface. 

The mechanisms by which insulin might cause intracellular 
membrane movements are not understood. However, recent data 
suggest the possibility that regulation of PI-3-kinase activity by in- 
sulin plays a key role in regulating glucose transporter redistribu- 
tion to the plasma membrane. Important studies in yeast suggest 
that the product of the VPS34 gene, which displays PI-3-kinase ac- 
tuvity, is an important element in membrane trafficking to the vac- 
uole.'*? Moreover, in mammalian cells it has been demonstrated 
that PDGF receptor trafficking to the lysosome depends upon its 
ability to bind PI-3-kinase.'** Taken together, these data indicate 
that PI-3-kinase activity, presumably through 3’ phosphoinositide 
reaction products, plays a major role in membrane trafficking phe- 
nomena in mammalian systems. Furthermore, several laboratories 
have demonstrated that insulin action on glucose transporter 
wanslocation is inhibited by highly specific PI-3-kinase in- 
hibitors.'**"'*© Dominant negative regulators of PI-3-kinase also 
block insulin action on glucose transport.’ These data directly 
implicate, although do not prove, that the increased PI-3-kinase ac- 
uvity observed in the presence of insulin is necessary for GLUT-4 
translocation. 

Recent data have converged to strongly implicate Akt as a nec- 
essary signaling element downstream of PI-3-kinase in GLUT-4 
regulation by insulin. First, expression of membrane-directed Akt 
in cultured adipocytes leads to sustained GLUT-4 translocation, 
mimicking the action of insulin.*” Secondly, a triple mutant domi- 
nant negative construct of Akt is inhibitory to insulin action on 
GLUT-4 when expressed in such adipocytes.*!° Finally, mice with 
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ablated genes for each of two isoforms of this protein kinase have 
been prepared. The double knockout is lethal, and the Akt! knock- 
out mouse shows no sign of deficient insulin action on glucose up- 
take in fat.°!! However, mice lacking the gene encoding Akt2, the 
predominant isoform in fat, show insulin resistance and a defective 
responsiveness of glucose transport to insulin in both muscle and 
fat cells.” Taken together, these results indicate that Akt likely 
plays a major role in mediating the action of insulin on GLUT-4 
translocation. However, it should also be noted that very recent re- 
ports indicate there may be a PI-3-kinase—independent signaling 
pathway that operates in conjunction with Akt to cause GLUT-4 
translocation. This pathway may involve binding of CAP to the in- 
sulin receptor, thereby attracting c-Cbl to the complex.7!? This in 
turn recruits the exchange factor C3G, which can activate the GTP- 
binding protein TC10.°" This PI-3-kinase pathway may be re- 
quired to mobilize F-actin filaments thought to be necessary for 
some step in the movement of GLUT-4—containing vesicles to the 
plasma membrane.*'**"° Further studies will be required to clarify 
the role of this pathway in regulating GLUT-4. 


REGULATION OF PROTEIN SYNTHESIS 


It has long been recognized that insulin and other growth factors 
increase the rate of protein synthesis.'?~'®* Insulin stimulation ap- 
pears to act primarily on the process of initiation of translation, in 
that insulin increases the number of initiated ribosomes.” The 
binding of ribosomes to mRNA is facilitated by complexes of eu- 
karyotic initiation factors (eIF).°™ There are two steps in the initia- 
tion of translation where insulin might exert its effect. These are 
the attachment of the initiator methionyl-tRNA (met-tRNA;) to the 
ribosome and the binding of mRNA. 

The delivery of the initiator met-tRNA; to ribosomes is medi- 
ated by the initiation factors elF-2 and eIF-2B. The heterotrimeric G 
protein eIF-2 binds to met-tRNA;, in a GTP-dependent manner." 
Following the formation of the ribosomal 80S initiation complex, 
elF-2—-bound GTP is hydrolyzed to GDP and the GDP-elF-2 is re- 
leased from the ribosome. Until its bound GDP is exchanged for 
GTP, elIF-2 cannot bind another met-tRNA;. This GDP to GTP ex- 
change is catalyzed by the guanine nucleotide exchange factor eIF- 
2B (formally called GEF). Phosphorylation on serine 51 of the 
eIF-2 subunit has been shown to inhibit its ability to bind eIF-2B, 
which subsequently impedes translation.””' It has been reported that 
insulin decreases elF-2a phosphorylation in calf chondrocytes.” 
Yet in Swiss 3T3 fibroblast, insulin or other growth factors have no 
effect on eIF-2 phosphorylation. However, insulin apparently 
does increase the activity of eIF-2B in Swiss 3T3 fibroblasts.7°7 In 
vitro elF-2B is a substrate for casein kinase 1 and 2 and GSK-3, but 
it is disputed whether these phosphorylations have an effect on ex- 
change activity."°*? Likewise, it is not yet known if insulin 
changes the phosphorylation state of elF-2B in vivo. 

The initiation complex involved in binding mRNA is elF-4F, 
which is composed of three polypeptides, elF-4E, eIF-4A, and 
p220. Initiation factor elF-4E recognizes the 5’ 7-methylguanosine 
cap structure; eIF-4A is an RNA helicase, and p220 (also known as 
eIF-4y) is believed to be an RNA-binding protein. The binding of 
eIF-4F to RNA is followed by the binding of elF-4B, which ap- 
pears to stimulate the helicase activity of elF-4A.””"" Three of 
these initiation factors, eIF-4E, p220, and eIF-4B, have been 
shown to be phosphorylated in response to insulin.” Although 
the functions of p220 and eIF-4B phosphorylations are not known, 
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mutating the major phosphorylation site of eIF-4E, serine 53, to an 
alanine results in the protein failing to bind to initiation com- 
plexes.”'” Thus a mechanism may exist where insulin exerts control 
over translation through the phosphorylation olf these initiation 
factors. 

A major breakthrough in determining how insulin controls the 
initiation of protein synthesis came with the discovery that the elF- 
4E binding protein, 4E-BP1, is identical to the MAPK substrate 
PHAS." PHAS is a 12.4-kd heat- and acid-soluble protein that is 
phosphorylated in response to insulin. Moreover, serine 64, the 
major site in PHAS that is phosphorylated by insulin in vivo, is also 
phosphorylated by MAPK in vitro, indicating that MAPK phos- 
phorylates PHAS directly upon insulin stimulation.’°?"! In its un- 
phosphorylated state, PHAS/4E-BPI can bind to elF-4E, but elF- 
4E does not bind PHAS/4E-BP1 phosphorylated by MAPK in vitro 
or PHAS/4E-BP! from insulin-treated adipose tissue. Furthermore, 
when elF-4E is complexed to PHAS/4E-BP1, it no longer can bind 
to a 7 methyl GDP resin. Finally, PHAS/4E-BP1 can inhibit cap- 
dependent, but not cap-independent, translation in vitro.*? Taken 
together, these data suggest that in unstimulated cells, eIF-4E is 
bound to PHAS/4E-BP1, which inhibits translation initiation. In- 
sulin stimulation results in the phosphorylation of PHAS/4E-BP1, 
which dissociates eIF-4E from PHAS/4E-BP1. This allows elF-4E 
to bind to 5’ caps and initiate translation.® 

A major breakthrough in understanding how this pathway is 
regulated in intact cells resulted from experiments showing that the 
protein kinase mTOR, the target of rapamycin inhibition, accounts 
for phosphorylation of PHAS in intact cells.” This mTOR protein 
kinase is downstream of PI-3-kinase, evidenced by its inhibition by 
wortmannin.*”! Furthermore, it was demonstrated that activation of 
Akt in intact cells leads to enhanced mTOR activity related to 
PHAS phosphorylation.*”! What is as yet unresolved is which pro- 
tein kinases downstream of Akt directly phosphorylate mTOR in 
intact cells, and how they are apparently activated by Akt. 
Nonetheless, these new results clearly place control of protein syn- 
thesis by insulin within the PI-3-kinase/PDK1/Akt pathway. 


REGULATION OF GLYCOGEN SYNTHESIS 


A major consequence of insulin stimulation of muscle, fat, and 
liver is the rapid synthesis of glycogen.”'*-?"* The rate-limiting step 
of glycogen metabolism is catalyzed by the enzyme glycogen syn- 
thase. Skeletal muscle glycogen synthase is an 80- to 84-kd protein 
that contains at least nine different serines that have been shown to 
be phosphorylated in vivo.7'3!5 Seven of these sites are clustered 
at the C-terminus of the protein, and the other two are located in the 
N-terminal region. Over 30 years ago, it was shown that the activ- 
ity of glycogen synthase is inhibited by phosphorylation, and that 
insulin stimulates glycogen synthase through dephosphoryla- 
tion.”™!®?" Insulin is believed to activate glycogen synthase by de- 
creasing the phosphorylation of a C-terminal region that contains 
three serine residues, C30, C34, and C38.?'* A 24-hour insulin 
stimulation of rabbits has also been reported to dephosphorylate 
the N-terminal phosphorylation site serine N7.7!*?!° Thus it is ap- 
parent that in order for insulin to activate glycogen synthase, it 
must either activate phosphatases, inhibit kinases, or both. 

The major phosphatase responsible for the dephosphorylation 
of glycogen synthase is protein phosphatase-1 (PP1).7”? In skeletal 
muscle, a glycogen-bound isoform of PP1, PP1G, is involved in 
regulating glycogen synthase in response to insulin. PP1G consists 
of two subunits, a 37-kd catalytic (C) subunit and a 160-kd G 


subunit required for the enzyme to interact with glycogen parti- 
cles.”'-?*3 Phosphorylation of the G subunit occurs at two separate 
sites, designated as site | and site 2. Site 2 is not phosphorylated in 
response to insulin, and its phosphorylation results in the dissocia- 
tion of PPIG from glycogen particles, which subsequently de- 
creases PP1G activity towards glycogen synthase.” Phosphoryla- 
tion at site 1 is stimulated by insulin and results in an increase in 
the rate at which PP1G dephosphorylates glycogen synthase.'> In 
rat skeletal muscle, the kinase that phosphorylates the G subunit 
site 1 in response to insulin may be the p90 isoform of ribosomal 
protein S6 kinase,””* which is sometimes called MAP kinase- 
activated protein kinase-1 (MAPKAPK- 1). This kinase itself is ac- 
tivated by phosphorylation catalyzed by MAPK, which thus was 
postulated to link the dephosphorylation of glycogen synthase in 
skeletal muscle to the activation of p2lras by the insulin recep- 
tor.” Remarkably, however, mice that have had the gene for the G 
targeting subunit ablated have recently been found to exhibit no ap- 
parent phenotype.*”? Moreover, their muscle glycogen synthase is 
readily activated by insulin. These new results confound the above 
postulates, and suggest there is another phosphatase involved in in- 
sulin action on glycogen synthase. 

Another way in which glycogen synthase may be activated is 
through the inhibition of kinases that phosphorylate it. Although at 
least six different kinases can phosphorylate glycogen synthase, 
the three primary C-terminal serines believed to be dephosphory- 
lated in response to insulin are all substrates for glycogen-synthase 
kinase-3 (GSK3).”'*?** There are two isoforms of GSK3, a and B, 
which are 90% identical in their kinase domains.””° Besides glyco- 
gen synthase, GSK3 can phosphorylate a wide variety of other sub- 
strates, such as inhibitor 2 of PP1,””’ type II regulatory subunit of 
cyclic AMP-dependent protein kinase,””* eukaryotic protein syn- 
thesis initiation factor (eIF-2B),"™ and the transcription factors 
c-jun and c-myc. 

Originally, GSK3 was thought to be constitutively activated. 
However, the a isoform of GSK3 was recently found to be identi- 
cal to ATP citrate lyase kinase, which has been shown in rat fat 
cells to be deactivated by insulin.”*! Further studies have shown 
that the GSK3a from skeletal muscle is phosphorylated by both 
p70 and p90 S6 kinases in vitro, and that this phosphorylation 
inhibits 80% of the GSK3 activity.** It has also been reported that 
in both CHO cells overexpressing the insulin receptor (CHOT) 
and in rat skeletal muscle L6 cells, wortmannin, which can inhibit 
p70 and p90 S6 kinase in some cells, blocks insulin’s ability to de- 
activate GSK3. Moreover, insulin-stimulated GSK3 deactivation is 
not blocked by rapamycin, which inhibits p70 but not p90 S6 ki- 
nase.***?™ Thus the activity of GSK3, like PP1, is influenced by 
p90 S6 kinase and the ras- MAPK pathway. However, EGF also ac- 
tivates MAPK and p90 S6 kinase, yet it fails to activate glycogen 
synthase.”'*?"* Thus another pathway is required to fulfill this 
role.'’ Again, the PI-3-kinase pathway appears to be the key to 
glycogen synthase regulation because wortmannin is found to in- 
hibit insulin signaling to this enzyme. Furthermore, Akt has been 
shown to phosphorylate and inactivate GSK3,™®?® leading to the 
hypothesis that this inhibition contributes to glycogen synthase ac- 
tivation by insulin. 


THE RAS-PROTEIN KINASE 
SIGNALING PATHWAY 


The GTP-binding protein p2lras is the normal product of the first 
oncogene found in human neoplastic tissue. It exists in activated 
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forms in approximately one-third of human tumors, and it is there- 
fore not surprising that p2Iras is now one of the most extensively 
studied proteins.'“*"'*? Four similar ras proteins have been identi- 
fied, H-p2lras, K-p2lrasA, K-p21lrasB, and N-p2Iras, each of 
which can function as an oncogene when carrying certain muta- 
tions, and a somewhat more distantly related nontransforming R- 
p2Iras has also been identified. The protein p2 Iras is located at the 
plasma membrane, and this localization is essential for its biologic 
function.'*° Although inactive when bound to GDP, when bound to 
GTP, p2lras triggers a large number of cellular responses. The 
structural basis for the difference in activities of p2lras bound to 
the two nucleotides has been studied in great detail. Mutational 
analysis has shown that amino acids in the region 32-40 are of par- 
ticular importance for interaction of p21ras with downstream effec- 
tors, and this has therefore been termed the effector region. Crys- 
tallographic analysis of p2}ras bound to GDP or GTP has revealed 
that the effector region and another small region differ significantly 
in conformation in the two forms. Thus it is thought that interaction 
of the effector domain with critical cellular targets is crucial to 
transmission of downstream signals. Interestingly, p2lras has now 
been demonstrated to be involved in at least some of the intracellu- 
lar signaling pathways of insulin.'“'42!5!-'% 

In the continuous presence of insulin, maximal GTP loading of 
p2lras is achieved after 2-5 minutes at 37°C.'™ This is followed 
by a deactivation phase, and the GTP content of p21ras retums to 
basal levels after 20-30 minutes. The nucleotide content of p21ras 
is determined by two reactions. It has an intrinsic weak GTPase ac- 
tivity, which converts bound GTP to GDP. This reaction can be en- 
hanced up to 50-fold by the presence of certain proteins such as 
GAP and neurofibromin.!°* These proteins can therefore be seen as 
deactivators of p2lras, and inhibition of their activities may result 
in activation of p2lras. Such a mechanism appears to exist in T 
lymphocytes,'*’ but may not be of significance in the p2Iras re- 
sponse in insulin-sensitive tissues. The activities of GDP/GTP ex- 
change factors offer a different route of p2lras activation. These 
factors cause the release of bound GDP from p2!ras, followed by 
the spontaneous binding of GTP. Pulse-chase experiments using 
permeabilized cells have demonstrated that p21ras activation by in- 
sulin is brought about by increased exchange activities, rather than 
by decreases of GTPase activities.’ Two closely related exchange 
factors, Son-of-sevenless (Sos) | and 2, are present in insulin- 
sensitive tissues,” as is a newly discovered exchange factor, 
C3G.'™ Sos is rapidly phosphorylated on serine and threonine after 
stimulation with insulin, but the role of this phosphorylation is at 
present unclear. 

Insulin may cause p2Iras activation primarily through tyrosine 
phosphorylation of the Shc family of proteins. '6™!® These proteins 
are ubiquitously expressed as three forms in cells. They all contain 
a carboxy-terminal SH2 domain, and have a glycine- and proline- 
rich region of homology to collagen in their amino terminal re- 
gions. As yet, no catalytic activity has been ascribed to Shc. Shc ty- 
rosine phosphorylation results in the formation of complexes with 
Grb2 and Sos,'**'® and such complexes could result in p2Iras ac- 
tivation simply by recruiting Sos to its substrate, p2 1ras, at the cell 
membrane. Current results implicate a complex array of compo- 
nents involved in positioning Sos to interact with p2Iras at the 
membrane,'**'*° as shown in Fig. 5-3. It is also possible that the in- 
trinsic exchange activity of Sos is modulated in response to insulin, 
perhaps as a consequence of complex formation or as a result of 
phosphorylation. 

The search for downstream targets for p2Iras has been exten- 
sive, and recent progress has greatly enhanced our understanding 
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FIGURE 5-3. Hypothetical model of components involved in causing GTP 
loading of p21ras and activation of downstream targets by insulin. A. Ac- 
cording to this model, insulin-receptor activation causes tyrosine phospho- 
rylation of itself, recruiting Shc through its SH2 domain. The bound Shc is 
tyrosine phosphorylated by the receptor or by another tyrosine kinase, re- 
cruiting Grb2/Sos complexes through the SH2 domain of Grb2. The pres- 
ence of a necessary component (B) that binds the N-terminal domain of Sos 
is suggested by recent results using truncation mutants of Sos.'™'° B. Acti- 
vation of p2Iras leads to activation of the protein serine/threonine kinase 
Raf-1, which initiates a cascade that activates MAP kinase. MAP kinase 
regulates the protein kinase p90®5*, and together they phosphorylate and 
regulate a transcription factor involved in controlling gene expression. 


of the processes controlled by p21ras. Raf-] is a 74-kd serine/thre- 
onine kinase that in mutated form acts as an oncogene.'© The ki- 
nase domain resides in the carboxy-terminal part of the molecule, 
whereas the amino-terminal part is considered important in regu- 
lating the kinase activity, because mutations in this region activate 
the oncogenic potential of Raf-1. A prolonged search for a ligand 
that might bind to the regulatory domain of Raf-1 resulted in the 
discovery that it binds to p2lras specifically in the GTP-bound, 
biologically active form.' Mutations in the effector domain of 
p2lras that render it biologically inactive in cells also abolish Raf- 
1 binding. Binding of Raf-1 directly to p21ras explains the translo- 
cation from the cytosol to the cell membrane that Raf-1 undergoes 
in response to growth factors. Once bound to p2Iras at the cell 
membrane, Raf-1 is activated. This appears not to be simply the re- 
sult of binding to p2lras, because Raf-1 is not activated when 
bound to p2lras in vitro. When a membrane targeting signal is 
added to the carboxy-terminal part of Raf-1, the kinase was found 
to be constitutively active after transfection into COS-1 cells.'67'® 
This was the case even when dominant negative mutants of p21ras 
were cotransfected, indicating that activation of Raf-1 is independ- 
ent of p2 ras function once the Raf kinase has been recruited to the 
plasma membrane. Thus the role of activated p21ras may simply be 
to cause Raf-1 to translocate to the membrane, after which other 
processes occur to activate the kinase. Also, under certain con- 
ditions Raf-1 dissociates from p2Iras in detergent extracts of 
hormone-stimulated cells, while remaining activated.'©’ Recent re- 
sults indicate that Raf-1 phosphorylation and dephosphorylation 
correlate with active and less active forms of the enzyme, suggest- 
ing that the role of p2lras-mediated recruitment of Raf-1 to the 
membrane is to promote its phosphorylation and activation.” 
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Also, chaperone proteins such as 14-3-3 appear to be involved in 
the regulation of Raf-1 activity. The exact molecular events that 
lead to Raf-1 activation are still unclear, however." 

The substrate specificity of Raf-1 is quite limited and the only 
known cellular target is a protein kinase, MAP kinase (MEK). This 
kinase was first isolated as an activator of yet another protein ki- 
nase, the mitogen-activated protein kinase (MAPK). MEK is acti- 
vated by phosphorylation on serines by Raf-1]. Curiously, MEK 
phosphorylates MAPK at both a threonine and a tyrosine located in 
a Thr-Glu-Tyr motif. Thus MEK has the rather unusual property of 
being able to phosphorylate both an aliphatic and an aromatic 
amino acid. By mutational analysis and by selective dephosphory- 
lation with protein phosphatases, phosphorylation of both the tyro- 
sine and threonine has been demonstrated to be required for activa- 
tion of MAPK.™'®-'7 In the cell, activation of MAPK is transient 
even in the continued presence of insulin, and the time course is 
similar to that of p2Iras activation.'”® Thus a cascade of phospho- 
rylation and activation events occur with these kinases.” "6-17 
Using dominant negative mutants of p2Iras, the activation of this 
cascade by insulin has been shown to be dependent on p2lras 
function. 

Although both Raf-1 and MEK have restricted substrate speci- 
ficities, MAPK appears to phosphorylate numerous cellular targets. 
There are several isoforms of MAPK,”'®'”’ but appreciable dif- 
ferences in substrate specificity have not been demonstrated. Inter- 
estingly, upstream signaling elements such as Sos, Raf-1, and 
MEK are phosphorylated by MAPK.'’*'*° This may constitute 
negative feedback mechanisms, but this idea awaits experimental 
confirmation. Many targets for MAPK are in the nucleus. In several 
systems, MAPK is targeted to the nucleus from the cytoplasm in 
response to external signaling factors, and this presumably consti- 
tutes an important mechanism by which extracellular signals regu- 
late nuclear events.'*'"'** The c-jun, c-myc, elk-1, and NF-IL6 
transcription factors are phosphorylated and activated by 
MAPK. '**!° The activities of several enzymes are modulated by 
MAPK phosphorylation. Phospholipase A», which catalyzes the 
rate-limiting step in the synthesis of prostaglandins and 
leukotrienes, has been shown to be activated by MAPK phosphory- 
lation.'*’ A tyrosine phosphatase, tyrosine phosphatase 2C, is deac- 
tivated by MAPK.'*? MAPK also can activate two serine kinases, 
p90% and MAPKAP-2.'?*!"* At our current state of understand- 
ing, it seems likely that insulin action on the ras/MAP kinase path- 
way is related to regulation of transcription factors and nuclear 
events that mediate its effects on cell proliferation and perhaps 
other important processes through the regulation of protein expres- 
sion levels. 


CONCLUSIONS 


Our overall understanding of the mechanisms of insulin action has 
been significantly extended over the past several years, leading to 
the identification and characterization of two important signaling 
pathways, p2 lras/MAP kinase and PI-3-kinase/PDK 1/Akt. Each of 
these pathways is initiated by the insulin receptor tyrosine kinase 
and downstream tyrosine-phosphorylated substrate proteins, which 
act as scaffolds for downstream signaling proteins. Each of these 
pathways also leads to switching of the signaling mode from tyro- 
sine kinase (receptor) to protein serine/threonine kinases that act 
on target proteins to modulate cellular processes. In the case of the 


p2lras pathway, it appears that the protein serine/threonine kinases 
may act primarily to modulate gene expression and cell prolifera- 
tion, while the protein kinases downstream of the PI-3-kinase path- 
way acutely regulate a large number of metabolic processes as well 
as gene transcription. Classic insulin-sensitive pathways regulated 
by these latter protein kinases include glucose transport, glycogen 
synthesis, gluconeogenesis, and protein synthesis. A third insulin- 
signaling pathway involving CAP/c-CbI/TC10 may also play a 
significant role in the regulation of glucose transport in fat and 
muscle, and will be an important topic for future investigation. 
Much work is required to clarify a number of details in connecting 
the protein kinases known to mediate insulin action to the proteins 
and processes they regulate. Furthermore, it is also recognized that 
protein serine/threonine phosphatase activity is involved in key in- 
sulin responses such as the activation of glycogen synthase. The 
underlying mechanisms of this regulation will also require substan- 
tial additional research to bring us to a full understanding of insulin 
action. 
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CHAPTER 6 


Incretins: Glucose-Dependent Insulinotropic Polypeptide 


and Glucagon-Like Peptide 1 


David D'Alessio 


THE INCRETIN EFFECT 


Healthy humans have the capacity to ingest and efficiently assimi- 
late large amounts of carbohydrate with relatively minor changes in 
circulating glucose concentrations. This precise control of glycemia 
despite widely varying intake is due in large measure to the rapid 
secretion of appropriate amounts of insulin after meals. Insulin se- 
cretion in response to eating is a complex process that is regulated 
by the interaction of substrate and neural and hormonal stimuli. The 
gastrointestinal (GI) tract plays an important role in the disposition 
of carbohydrate meals by secreting insulinotropic peptides that ef- 
fectively connect substrate absorption to insulin secretion, a 
process that is critical for adjusting pancreatic B cell output to a 
given load of nutrients. These GI peptides were termed incretins by 
investigators in the early part of the last century to signify that they 
stimulated internal or endocrine secretions of the pancreas, in con- 
trast to excretins, hormones that stimulated pancreatic exocrine se- 
cretion. Thus incretins represent one of the earliest classes of hor- 
mones to be described and their study, especially as they relate to 
normal and abnormal glucose tolerance, has a long history.' 
Although the presence of insulinotropic substances in the mu- 
cosa of the intestine had been known for many years, it was not until 
the advent of radioimmunoassay (RIA) and the ability to measure 
circulating insulin levels that the importance of incretins was 
clearly demonstrated. The observation that circulating insulin levels 
are significantly higher after glucose is ingested, compared to when 
it is administered intravenously (IV), was made by several groups 
and termed the incretin effect.” Insulin secretion during progres- 
sively increasing oral glucose loads increases linearly, despite peak 
plasma glucose levels that vary only slightly. This indicates that 
plasma glucose levels per se constitute a relatively fixed proportion 
of the stimulus to the B cell, and this fraction becomes smaller as 
the load of ingested glucose increases (Fig. 6-1). Thus stimuli other 
than glucose effect the increase in meal-induced insulin release and 
influence the overall B-cell output. Incretin hormones, released in 
proportion to meal size, augment glucose-stimulated insulin secre- 
tion, a synergy that links insulin secretion to the quantity of in- 
gested nutrients. When calculated as the difference between plasma 
insulin and/or C-peptide levels after oral glucose and isoglycemic 
IV glucose infusions, the incretin effect accounts for 30-60% of the 
B-cell output following glucose ingestion in healthy humans.” 
Beyond regulating the amount of insulin secreted during meal 
absorption, incretins prime the B-cell response to glucose, inducing 


the rapid release of insulin characteristic of the normal postpran- 
dial response. The combination of stimuli activated by food inges- 
tion triggers a brisk islet cell response that does not require, and in 
fact preempts, large increases in plasma glucose. The importance 
of a primed, rapid pattern of insulin release after eating is exempli- 
fied by studies of persons with impaired glucose tolerance (IGT) in 
whom a sluggish early insulin response to carbohydrate meals is 
associated with exaggerated glycemic excursions and late prandial 
hyperinsulinemia. The integrity of the incretin effect in IGT is not 
well characterized, but persons with type 2 diabetes mellitus 
(T2DM), have only a minimal augmentation of insulin release with 
oral versus IV glucose, constituting a marked impairment in the in- 
cretin effect? (Fig. 6-2). Whether the abnormal incretin effect in 
persons with diabetes is due to specific abnormalities in the release 
or action of incretin hormones, or is simply another consequence of 
generalized B-cell dysfunction is a question presently under inves- 
tigation. However, given the major contribution of the incretin ef- 
fect to normal glucose tolerance, its loss undoubtedly contributes 
to the delayed and attenuated insulin secretion that is a hallmark of 
diabetes. 

The two major characteristics used to define an incretin are: (1) 
that it is released following nutrient, particularly carbohydrate, in- 
gestion and (2) that concentrations reached after meals stimulate in- 
sulin secretion.” There are currently two known hormones that meet 
these criteria: glucose-dependent insulinotropic polypeptide (GIP) 
and glucagon-like peptide | (GLP-1). Recent studies suggest that 
both of these peptides are necessary for normal glucose tolerance. 
Consideration of incretins in relation to diabetes is timely because 
recent evidence raises the possibility that abnormalities of incretin 
function may contribute to the pathogenesis of diabetes. In addition, 
there are ongoing efforts to exploit the incretin pathways to treat di- 
abetic patients. This chapter will review the physiology of the two 
major incretins, their integration into the insulin response to meals, 
and the relation of these peptides to the pathophysiology of diabetes. 


GLUCOSE-DEPENDENT 
INSULINOTROPIC POLYPEPTIDE (GIP) 


Brown and Pederson discovered and isolated GIP based on the 
ability of extracts of the porcine upper intestine to suppress gastric 
acid secretion in dogs.” Originally called gastric inhibitory 
polypeptide, this 42-amino-acid peptide has significant homology 
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FIGURE 6-1. The incretin effect. Plasma 
concentrations of glucose (top) and C 
peptide (bottom) during 25-g (left), 50-g 
(middle), and 100-g (right) oral glucose 
loads (filled circles) and isoglycemic in- 
ravenous glucose infusions (open cir- 
cles). Plasma glucose concentrations are 
similar for the three doses of oral glucose. 
demonstrating the precision of normal 
glucose homeostasis, and matched in 
cach case by IV glucose, providing equiv- 
alent levels of glycemic stimulus during 
both sets of studies. Insulin secretion, as 
reflected by plasma C-peptide levels, is 
greatcr for oral glucose in comparison 
with intravenous glucose, and the magni- 
tude of this difference increases with the 
dose of oral glucose. (Reprinted with per- 
mission from Nauck et al.*) 
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FIGURE 6-2. Reduced incretin effect in subjects with type 2 diabetes. Plasma glucose (top) and C peptide (bot- 
tom) concentrations in persons with type 2 diabetes, and nondiabetic controls, during 50-g glucose ingestion 
(filled circles) and glucose infusions to glycemic levels matching those following oral glucose (open circles). In 
the control subjects insulin secretion, as reflected in plasma insulin and C peptide levels. is substantially greater 
following oral compared to IV glucose. However, in the diabetic subjects there is no difference overall in the in- 
tegrated insulin and C peptide responses during oral and IV glucose loading. (Reprinted with permission from 


Nauck et al.*) 
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with peptides in the secretin family of regulatory peptides and the 
sequence is highly conserved across mammalian species, suggest- 
ing an important physiologic role.’ Soon after the structure of GIP 
was elucidated, the peptide was demonstrated to augment glucose- 
stimulated insulin secretion, and once specific RIAs became avail- 
able to measure GIP in plasma, it became apparent that GIP is se- 
creted into the circulation after meal consumption. Based on 
these findings, GIP was classified as an incretin and subsequent 
work indicates that this is the primary function of this hormone, 
while a physiologic role in the regulation of gastric function has 
not been clearly demonstrated. For these reasons the peptide was 
renamed glucose-dependent insulinotropic polypeptide. 


Distribution, Synthesis, and Secretion of GIP 


GIP is synthesized by endocrine K cells that are most prevalent in 
the mucosa of the duodenum and upper jejunum, and these cells are 
the only known source of GIP in humans.~* The GIP gene encodes 
preproGIP, a prohormone that is processed into the bioactive mole- 
cule.’ The nucleic acid and protein sequences of GIP are highly con- 
served across mammalian species, with homology of 40 of the 42 
amino-acid residues between the human and porcine peptides, and a 
similar degree of homology between rats and humans.” Expression 
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of the GIP gene is stimulated by oral glucose or enteral infusion of 
lipid in rats,’ and the effect of glucose to increase proGIP mRNA is 
also seen in an intestinal cell line,? suggesting that direct contact of 
nutrients with the K cells stimulates GIP synthesis. Rats made dia- 
betic by injection of streptozocin have increased intestinal GIP 
mRNA and peptide levels relative to control animals, indicating that 
GIP synthesis may be increased in diabetes, "° 

Ultrastructural examination of K cells reveals the characteris- 
tic intracellular secretory granules that typify endocrine cells. In- 
deed, GIP secretion occurs in a regulated manner and enteral nu- 
trients are the primary stimulus. Both carbohydrate and lipids are 
potent activators of K-cell secretion, while the observed response 
to protein ingestion or amino acids in the gut has been more vari- 
able. Importantly, intravenous delivery of glucose, amino acids, or 
lipids does not stimulate GIP release, indicating that luminal in- 
teraction of substrates with the gut mucosa is critical for this 
process.” GIP secretion in response to enteral glucose is propor- 
tional to the amount of glucose administered'! and is dependent 
on the absorption of glucose by the intestinal mucosa.*’ Schirra 
and colleagues demonstrated that following ingestion of a glu- 
cose-containing drink, GIP was released throughout the entire pe- 
riod of gastric emptying and ceased only after delivery of glucose 
to the duodenum was complete (left panels of Fig. 6-3).'' Carbo- 
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FIGURE 6-3. Secretion of incretin hormones in response to oral and intraduodenal glucose. GLP-1 and 
GIP secretion in response to 50 g (solid symbols) and 100 g (open symbols) of oral glucose are shown in 
the lop two panels. Plasma levels of the incretins increase rapidly following glucose ingestion and the con- 
centrations of GIP and GLP-1 are more elevated in response to the larger dose of glucose. The lower panel 
shows plasma levels of GLP-| and GIP in response to different rates of intraduodenal glucose. The release 
of GIP shows a dose-response relationship with the amount of glucose infused, while the pattern of GLP- 
| release suggests a threshold of glucose delivery required to initiate secretion. (Reprinted with permission 


from Schirra et al.!’) 
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hydrate-stimulated GIP release is inhibited by pharmacologic in- 
hibition of a-glucosidases, which limits glucose absorption in the 
upper gut, and phlorhizin, an inhibitor of mucosal glucose trans- 
port.” Sucrose and galactose also stimulate GIP release, while 
fructose does not.!* 

Stimulation of GIP release by triglycerides is dependent on 
intraluminal hydrolysis, absorption of fatty acids, and the pack- 
aging of reesterified triglycerides into chylomicrons.*° GIP re- 
lease in response to fat increases with the quantity of lipid in- 
gested, and fat is a more potent stimulus of GIP than glucose 
on a per-gram basis.” It is likely that the mechanisms of glu- 
cose- and lipid-induced GIP secretion are distinct, and possibly 
derived from separate populations of cells.’ Consistent with 
this observation, the addition of fat to a glucose meal greatly 
accentuates the GIP response. Taken as a whole, the available 
data indicate that GIP secretion is regulated directly by the 
products of meal digestion in a dose-dependent manner. This 
supports the concept advanced by Ebert and Creutzfeldt that 
GIP acts as a quantitative signal of nutrient absorption to the 
endocrine pancreas.'” 

Following release into the circulation, GIP is metabolized by 
the enzyme dipeptidy! peptidase IV, a ubiquitous protease that 
cleaves specifically between residues 2 and 3, leaving GIP- 
[3—42].”!* This conversion occurs rapidly, so that the circulating 
half-life of full-length GIP is only several minutes, and is inactivat- 
ing because GIP[3-42] does not stimulate insulin secretion. 


Signaling Through the GIP Receptor 


A single GIP receptor has been identified and is currently believed 
to mediate all of the physiologic effects of the peptide. The GIP re- 
ceptor has seven-transmembrane domains and substantial homol- 
ogy with receptors in the secretin-VIP receptor family, particularly 
the glucagon and GLP-1 receptors.**-'° The GIP receptor is ex- 
pressed in both « and ß cells of the pancreatic islet,” the upper GI 
tract, adipocytes, adrenal cortex, pituitary. and a variety of brain re- 
gions." Both full-length GIP[1-42] and several GIP congeners, 
truncated at the N- and C-terminus bind to the GIP receptor with 
high affinity, but none of the related peptides from the glucagon 
family interact with this receptor. "° 

Ligand binding to the GIP receptor activates adenylyl cyclase 
through stimulatory GTP-binding proteins and GIP induces dose- 
dependent increases in intracellular cyclic AMP.'*'® The potentia- 
tion of glucose-, and depolarization-stimulated exocytosis from 
B cells by GIP is mediated primarily via the protein kinase A sig- 
naling pathway.'* There remains some question as to whether or 
not GIP also acts through other signaling pathways in the B cell, 
and the details of the intracellular effects of incretins is an active 
area of ongoing research. 

Recent work demonstrates that the GIP receptor is susceptible 
to homologous desensitization.'”!?° Both in vitro, as well as in 
intact animals, extended exposure to GIP attenuates the in- 
sulinotropic effect of the peptide. The mechanism for agonist- 
mediated desensitization of the GIP receptor is multifactorial and 
involves both uncoupling of the receptor from G proteins and an 
increased turnover of activated G proteins. Ligand-induced desen- 
sitization of the GIP receptor, in the context of the increased circu- 
lating GIP levels reported by many groups to occur in type 2 dia- 
betic subjects (see below), has been advanced as an explanation for 
the diminished incretin effect seen in diabetes. 


The Incretin Function of GIP 


GIP is insulinotropic in the presence of glucose concentrations 
greater than 5-6 mmol.”* This action has been demonstrated in a 
broad range of experimental models including cell lines, cultured 
pancreatic islets, isolated perfused pancreas, and a variety of ani- 
mals. In humans both porcine and synthetic human GIP stimulate 
insulin secretion when infused to concentrations mimicking those 
occurring after meals. A key point is that GIP-stimulated insulin 
secretion occurs only when glucose levels are elevated above fast- 
ing. This glucose dependence is common to most endogenous in- 
sulinotropic peptides and neurotransmitters, and functionally 
serves as protection against hypoglycemia. The tight coupling of 
GIP secretion to glucose absorption by the gut, the potency of post- 
prandial concentrations of peptide, and the dependence of GIP ac- 
tion on the ensuing hyperglycemia have become the hallmarks of 
incretin physiology. 

Beyond the fact that infusions of GIP to humans in amounts 
estimated to be physiologic augment glucose-stimulated insulin re- 
lease, the role of GIP as an incretin has been demonstrated by sev- 
eral classic experimental methods in rodents. Removal of circulat- 
ing GIP with a specific antiserum abolished the insulinotropic 
effect of exogenous GIP and caused glucose intolerance with di- 
minished insulin secretion during enteral glucose loading.”* Simi- 
larly, administration of GIP[7-30 amide], a competitive antagonist 
of the GIP receptor, significantly attenuated the insulin response to 
a typical meal.”' Most recently, a line of mice was created with a 
targeted gene deletion of the GIP receptor.” These animals had 
normal fasting glucose and insulin levels and responses to in- 
traperitoneal glucose loads that were comparable to wild-type con- 
trol mice. However, in response to oral glucose loading the GIP- 
receptor-knockout mice had significant glucose intolerance and 
impaired insulin secretory responses (Fig. 6-4). Interestingly, when 
these animals were made insulin-resistant by chronic feeding of a 
high-fat diet, their glucose intolerance worsened, in contrast to 
high-fat-fed control mice that maintained normal glycemic excur- 
sions following oral glucose. This experiment demonstrated that 
absence of the GIP receptor impairs the normal augmentation of in- 
sulin secretion induced by insulin resistance. Taken together, these 
studies in rodents indicate that the incretin action of GIP is neces- 
sary for normal glucose tolerance and suggest that GIP may play a 
role in adapting insulin secretion to changes in insulin sensitivity. 


Other Effects of GIP 


The GIP receptor is expressed on pancreatic œ as well as B cells, 
but the role of GIP in the control of glucagon secretion is not clear. 
GIP stimulates exocytosis in isolated rat a cells and increases 
glucagon release from the isolated perfused pancreas. However, in 
humans infusion of GIP does not change plasma glucagon concen- 
trations significantly.”* It is possible that other effects of GIP, such 
as stimulation of insulin release, counteract direct effects to stimu- 
late the a cell. Regardless, current information indicates that there 
is little overall effect of GIP on glucagon levels in vivo. 

The GIP receptor is expressed in adipose tissue and evidence 
exists to suggest that GIP has regulatory effects on lipid metabo- 
lism.’** In isolated adipocytes or adipocyte cell lines, GIP potenti- 
ates the effects of insulin to promote glucose uptake and augment 
lipogenesis, inhibits glucagon-stimulated lipolysis, and increases 
lipoprotein lipase activity.” In animals, GIP administration pro- 
motes the clearance of postprandial triglyceride-rich lipoproteins. 
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Thus the hypothesis that GIP, synthesized and secreted in response 
to ingested fat, plays an important role in lipid anabolism has some 
support in animal studies.” However, a physiologic role for GIP to 
regulate lipid metabolism in humans has yet to be convincingly 
demonstrated. 

Since GIP was initially isolated based on its activity to inhibit 
acid secretion in denervated gastric pouches, it is ironic that an im- 
portant physiologic role for GIP in gastric function has yet to be 
demonstrated.®’ It is possible that GIP contributes to the suppres- 
sion of gastric acid secretion that occurs after consumption of a fat 
meal. The most likely mechanism for decreased acid production is 
via stimulation of gastric somatostatin release." Recently GIP has 
been shown to increase intestinal glucose transport during enteral 
glucose infusion in isolated rat intestine,”© a finding that was con- 
firmed in intact rats by administration of a GIP antagonist that in- 
hibited glucose transport relative to controls.” These results sug- 
gest a broad role for GIP to increase glucose metabolism by 
increasing both substrate absorption and disposition through its ac- 
tions on the gut and pancreatic islet. 


GIP in Diabetes 


Because GIP plays an important role in the normal physiology of 
insulin secretion after nutrients are ingested, a number of investiga- 
tors have considered whether or not abnormalities in GIP secretion 
or action contribute to glucose intolerance or diabetes. There have 
been important incongruities among some of these studies and it is 
not likely that GIP has a prominent role in the pathogenesis of glu- 
cose intolerance and diabetes in humans. However, when all the ev- 
idence is considered, a plausible case can be made that abnormali- 
ties in the GIP axis contribute to the impaired incretin effect in at 
least some diabetic subjects. 

It is unlikely that GIP is involved in the metabolic abnormali- 
ties seen in type 1 diabetes. In newly diagnosed patients with 
T1DM, GIP secretion after meals is lower than in nondiabetic con- 
trols but returns to normal over several months.'*? However, in nei- 
ther newly diagnosed patients nor individuals with longstanding 
type 1 diabetes is there a correlation between GIP concentrations in 
the plasma and 8 cell function. Type | diabetic subjects retaining 
some insulin secretory capacity respond to exogenous GIP, but 
have subnormal responses relative to controls, in all likelihood due 
to decreased islet mass and abnormal B-cell function. The molecu- 
lar species of GIP found in diabetic patients are qualitatively com- 
parable to controls, and there seems to be no effect of glycemic 
control or intensity of insulin treatment on the GIP response to in- 
gested nutrients in persons with TLDM. Based on these data, the 
notion that K-cell secretion of GIP is regulated in a feedback man- 
ner by insulin, as had been suggested previously, seems doubtful. 

Many studies have found that persons with type 2 diabetes 
have increased plasma concentrations of GIP following glucose or 
meal ingestion, compared with nondiabetic individuals.'*'? How- 
ever, GIP hypersecretion has not been a uniform finding in diabetic 
subjects, '*** and there is no obvious explanation for this discrep- 
ancy among studies. It is plausible that increased meal-induced 
GIP secretion occurs only in subgroups of diabetic individuals, a 
possibility suggested by several studies including large numbers of 
subjects." Studies of nondiabetic obese subjects indicate that 
obesity per se does not alter postprandial GIP levels or clearance of 
GIP, and GIP does not seem to contribute to the hyperinsulinemia 
seen in obese persons.”*”° Similarly to subjects with type 1 dia- 
betes, neither glycemic control nor treatment with insulin or oral 
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agents affects nutrient-stimulated GIP in type 2 diabetic pa- 
tients.?“° Thus there is no clear explanation for the common find- 
ing of augmented secretion of GIP after meals in at least a substan- 
tial proportion of diabetic individuals. A recent examination of 
healthy first-degree relatives of type 2 diabetic patients demon- 
strated that integrated GIP release over 24 hours, including three 
meals, was increased by 20-25% relative to persons with no fam- 
ily history of diabetes.” These findings suggest that changes in 
GIP secretion may precede the onset of impaired glucose tolerance, 
and raise the possibility that increased incretin secretion could de- 
velop to compensate for early B-cell dysfunction. 

Several studies have assessed the insulinotropic effect of GIP 
in type 2 diabetes using infusions of synthetic human GIP. Overall 
these studies demonstrate that GIP increases glucose-stimulated 
insulin secretion in diabetic subjects but the relative magnitude of 
this response is significantly less than that of control subjects.'*”4 
For example, Nauck and colleagues found that in a group of well 
compensated type 2 diabetic subjects the incremental C-peptide 
response to GIP during a hyperglycemic clamp was only 46% of 
the response seen in nondiabetic individuals.” However, in a 
small study of diabetic subjects with more severe B-cell defects, 
the insulinotropic effect of GIP was completely absent.’ Interest- 
ingly, several point mutations of the GIP receptor have been dis- 
covered, some of which diminish GJP-stimulated cyclic AMP 
generation, ™?? and it has been suggested that this might account 
for a decreased GIP effect in diabetic subjects. However, the fre- 
quency of these mutant forms is not different among type 2 dia- 
betic and nondiabetic subjects, and so is unlikely to explain any 
general impairment of the incretin function of GIP among sub- 
jects with diabetes. The important issue is whether an impaired re- 
sponse to GIP is a specific defect of the diabetic B cell, or simply 
another manifestation of the overall insulin secretory defects seen 
in diabetic patients. While one group of investigators has calcu- 
lated “normal” sensitivity to GIP of diabetic subjects when con- 
sidered in the context of generalized B-cell dysfunction, this re- 
mains an undecided question.” Interestingly, it appears that islet 
sensitivity to GIP is decreased in older humans, and it has been 
suggested that this may contribute to glucose intolerance seen 
with aging. 


GLUCAGON-LIKE PEPTIDE 1 (GLP-1) 


When the structure of proglucagon (ProG) was determined in the 
early 1980s, it became apparent that peptides other than glucagon 
were produced from this prohormone. Based on the nucleotide and 
amino acid sequence of ProG, the glucagon-like peptides GLP-1 
and GLP-2 were deduced. GLP-1 has significant sequence homol- 
ogy to glucagon but a very different physiologic role. Like GIP, 
GLP-1 is secreted after meals and is a potent stimulus to glucose- 
stimulated insulin secretion. Recent studies have proven that 
GLP-1 has a physiologic role as an incretin. Moreover, administra- 
tion of this peptide to persons with type 2 diabetes causes marked 
improvements in insulin secretion and glucose disposition, raising 
the possibility that GLP-1 or analogues could be useful in the treat- 
ment of these patients. 


Distribution, Synthesis, and Secretion of GLP-1 


In humans, proglucagon is synthesized by pancreatic a cells, L 
cells located in the intestinal mucosa, and a population of neurons 
located in the hindbrain.'*’** These cells all transcribe identical 


90 DIABETES MELLITUS 


ProG mRNA that is translated to a common prohormone (see 
Chap. 7). Processing of ProG in the pancreatic islet yields 
glucagon with little production of GLP-1, while L cells make 
GLP-1, GLP-2, and virtually no glucagon." This tissue-specific 
processing of ProG is due at least in part to the presence of prohor- 
mone convertase | (PC1/3) in L cells, but not a cells, since PC1/3 
cleaves GLP-1 from ProG.*” Within the ProG molecule, putative 
dibasic cleavage sites occur on either end of the 37-amino-acid 
moiety GLP-1[1—37]. However, L cells process ProG almost en- 
tirely into the truncated peptides, GLP-1[7-36 amide] and 
GLP-1[7-37], and these are the species for which biologic activity 
has been demonstrated. In humans and other mammals, approxi- 
mately 80% of intestinally derived GLP-] is the amidated form, 
GLP- 1[7-36 amide]. 

In contrast to the GIP-producing K-cells located most promi- 
nently in the duodenum and upper jejunum, L cells are most preva- 
lent in the lower gut. On average, 70-90% of the intestinal GLP-1 
is synthesized in the lower jejunum, ileum, and colon.' GLP-1 lev- 
els in the circulation increase after ingestion, but not IV infusion, 
of nutrients.'!“**" Like GIP, glucose and lipids are the most potent 
stimuli to GLP-1 release, with some question as to whether or not 
protein or amino acids are stimulatory. Unlike GIP, the release of 
GLP-1 does not seem to be dependent on nutrient absorption in the 
intestine, but appears to be linked to the rate at which nutrients are 
delivered to the gut (left panels of Fig. 6-3)."! 

Despite the marked difference in the distribution of the two 
peptides along the gut, secretion of GLP-1 and GIP after mixed or 
glucose meals occurs in parallel (Fig. 6-3).''*° The rapid release of 
GLP-1 in response to food intake is somewhat paradoxical in light 
of the distal location of the majority of L cells and raises questions 
as to the mechanism of nutrient-stimulated GLP-1 secretion. One 
possibility is suggested by the observation that in rats, increased 
ProG synthesis in response to refeeding after a fast seems to be lo- 
calized to upper but not lower intestinal L cells.*! From these data 
it could be inferred that in fact nutrient-stimulated GLP-1 secretion 
may be accounted for by the minority of L cells in the upper gut. 
Altematively, there is evidence that a neural pathway from the 
upper to lower gut mediates GLP-1 release,” and it appears that 
vagal cholinergic and peptidergic signaling contributes to the cou- 
pling of intestinal nutrients with GLP-1 secretion in rats. This find- 
ing is supported by one study in healthy humans given cholinergic 
blocking agents,** and another showing a normal GLP-! response 
of subjects with proximal ileostomies, in whom the majority of L 
cells do not come in contact with luminal nutrients.** However, 
GLP-| secretion is normal, or even accentuated, in subjects with 
total gastrectomy and surgical disruption of the abdominal vagi.” 
So, while there are several aspects of nutrient-stimulated GLP-1 se- 
cretion to suggest neural coupling, the specific pathways involved 
are not clear. Interestingly GIP has been shown to evoke GLP- | se- 
cretion in several in vitro models,*” suggesting that GIP could act 
as a humoral stimulus of GLP-1 release. However. in humans IV 
infusions of even supraphysiologic amounts of GIP do not increase 
plasma GLP-1 concentrations.” A recent examination of the ca- 
nine gut indicates that there is substantial overlap among GIP-se- 
creting K cells and L cells, with a high frequency of jejunal L cells 
immediately adjacent to K cells.” This finding presents the possi- 
bility of paracrine stimulation of GLP-1 secretion by GIP as an al- 
ternative to nutrient-, endocrine-, or neurally-mediated mecha- 
nisms. Despite the interesting possibilities suggested by studies 
addressing the mechanism(s) of nutrient-stimulated GLP-1 secre- 
tion, this issue remains an open and important question. Efforts to 


understand the process of GLP-1 release are driven by the possibil- 
ity that factors enhancing endogenous release of the peptide could 
be useful in stimulating insulin secretion and promoting glucose 
tolerance in diabetes. 

Similarly to GIP, GLP-1 is rapidly metabolized in the circula- 
tion by dipeptidylpeptidase (DPP) IV.'* This enzyme is present 
on capillary endothelial cells located diffusely throughout mam- 
malian tissues and in plasma. DPP IV cleaves the N-terminal His- 
Ala from GLP-1[7-36 amide] leaving GLP-1[9-36 amide], and 
this process occurs with a half-life of approximately 1-2 minutes 
for intact GLP-1 in mammalian plasma.'*” Because the N-terminus 
of GLP-1 is essential for its insulinotropic effect, metabolism by 
DPP IV likely inactivates this action. In fact GLP-1[9-36 amide] 
may be a competitive antagonist of the GLP-1 receptor, an effect 
that has been reported both in vitro and in vivo.’ GLP-I[9-36 
amide] is renally cleared with a half-life of approximately 5-10 
minutes, so it is the primary circulating GLP-I species in the 
postprandial circulation.” 


Signaling Through the GLP-1 Receptor 


A specific GLP-1 receptor was cloned from pancreatic islet 
cells'*” and is the only known mediator of GLP-1 signaling in 
mammals. The mRNA for this receptor has been unequivocally 
demonstrated in specific regions of the brain, stomach, and lung, as 
well as pancreatic B cells. Additionally, some investigators have re- 
ported that the GLP-1 receptor is synthesized by islet a cells, hepa- 
tocytes, skeletal muscle cells and renal parenchymal cells, but 
these findings have not been uniform. Binding of radiolabeled 
GLP- 1 to adipocytes, and the expression of the GLP-1 receptor in a 
preadipocyte cell line suggests that fat tissue also contains specific 
GLP- 1 binding sites. 

Like the GIP receptor, the GLP-1 receptor is a member of the 
secretin-VIP family of seven-membrane-spanning, G-protein cou- 
pled receptors. Ligand binding by this receptor is highly specific 
and there is little affinity for glucagon or GIP. However, exendin- 
4 and exendin[9-39], peptides homologous to GLP-1 found in the 
venom of the Gila monster (Heloderma suspectum), are a natu- 
rally-occurring GLP-1 receptor agonist and antagonist, respec- 
tively.*® Similarly to GIP, GLP-1 mediates its effects on the B cell 
through activation of adenylyl cyclase and formation of intracellu- 
lar cyclic AMP. Foremost among these effects are: synergism with 
glucose to close Karp channels, augmentation of glucose-induced 
increases in intracellular calcium, and promotion of secretory 
granule exocytosis at a site distal to the elevation of intracellular 
calcium.” While protein phosphorylation by protein kinase A 
(PKA) is central to the intracellular transmission of the GLP-| 
signal, recent work indicates that PKA-independent processes are 
also important.” 

Ligand binding leads to internalization and degradation of the 
GLP-! receptor. There is evidence from studies of B-cell lines and 
normal islets in culture that the GLP-1 receptor also undergoes ho- 
mologous and heterologous desensitization since protracted incu- 
bation with GLP-1, or activation of the protein kinase C pathway, 
decreases generation of cyclic AMP and downstream effects of the 
peptide. It has been suggested that overlapping desensitization 
through signaling pathways that promote B-cell secretion acts as a 
means of preventing excessive insulin release.”' However, it is un- 
clear what role ligand-induced desensitization has in vivo, or 
whether this effect would lead to tachyphylaxis in the presence of 
prolonged elevations of circulating GLP-1. 


CHAPTER 6 


Incretin Actions of GLP-1 


Administration of GLP-1 to animals and humans increases insulin 
secretion during hyperglycemia (right panels of Fig. 6-4), and 
this effect occurs at concentrations of GLP-1 that are similar to 
those observed in the circulation after meals. Similarly to GIP, the 
insulin stimulatory effect of GLP-1 is glucose-dependent and is 
substantially diminished at glucose levels less than 5.5 mmol. The 
effect of GLP-! to promote insulin release is additive to that of 
GIP, suggesting that the two incretin hormones act together in reg- 
ulating postprandial insulin secretion.” 

In addition to acting as an acute insulin secretagogue, GLP-1 
has several other actions that enhance the release of insulin. GLP- | 
increases insulin biosynthesis, and stimulates the transcription of 
other B-cell genes including glucokinase and the GLUT-2 glucose 
transporter.*”* Exendin-4, a GLP-1 receptor agonist, induces 
B-cell neogenesis and expansion in rats.” Finally, GLP-1 increases 
the capacity of individual B cells to respond to stimulation by glu- 
cose, and this effect to activate glucose-insensitive cells has been 
termed induction of glucose competence.' Taken together, these 
findings suggest a broad role for GLP-1 to promote B-cell function. 
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Several recent reports have conclusively established a role for 
GLP-1 as a physiologic incretin. Rats given exendin[9-39], a 
specific GLP-1 receptor antagonist, during enteral glucose feeding 
had increased postmeal glycemia coincident with attenuated in- 
sulin release, compared to control animals.’ Similar results were 
reported in nonhuman primates given either exendin[9-39] or an 
anti-GLP-1 monoclonal antibody, and in these studies interference 
with the action of GLP-1 caused a rightward shift in the insulin re- 
sponse curve such that insulin secretion was decreased during the 
early phases of nutrient absorption, but rose later in the study. 
possibly in response to the higher levels of glucose.** Consistent 
with these findings, male mice with a targeted gene deletion of the 
GLP-1 receptor have abnormal glucose tolerance and attenuated 
insulin release after glucose ingestion® (Fig. 6-4). Interestingly. 
these animals have increased circulating levels of GIP and an ac- 
centuated insulin secretory response to GIP,*® raising the possibil- 
ity that the incretin effect is part of a closed-loop regulatory sys- 
tem. Thus substantial experimental evidence demonstrates an 
important role for GLP-1 in mediating the insulin response to 
meals, and indicates that this gut peptide is necessary for normal 
glucose tolerance. 
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FIGURE 6-4. Glucose tolerance (top) and insulin secretion (bottom) in mice with targeted gene deletions of the 
GIP (left panel) and GLP-1 (right panel) receptors. GIP-receptor-knockout mice (solid squares) have an in- 
creased glucose excursion during oral glucose loading compared to control mice (open circles). Despite the in- 
creased plasma glucose levels, insulin secretion in the mice lacking the GIP receptors (black bars) is lower than 
controls (white bars). The GLP- -receptor-knockout mice (solid squares) also have impaired glucose tolerance 
following oral glucose administration compared to control animals (open circles). Similarly to the GIP knockouts 
there is a decrement in insulin secretion during the oral glucose tolerance test (GLP-1, -/- hatched bars) (controls 
black bars). These data demonstrate that signaling through both the GIP and GLP-| receptors is necessary for a 
normal incretin effect, with appropriate insulin secretion and glucose tolerance in response to enteral glucose. 


(Reprinted with permission from Miyawaki et al”? 


and Scrocchi et al.*°) 
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In addition to abnormalities in the insulin and glucose re- 
sponses to ingested glucose, GLP-1-receptor-deficient mice have 
fasting hyperglycemia and impaired insulin secretion in response 
to parenteral glucose." While this latter finding is puzzling at first 
glance since an incretin factor should be secreted and act during 
nutrient absorption, recent studies in vitro,” and in humans,” sug- 
gest that basal levels of GLP-1 may play a role in B-cell function. 
The observation that GLP-1 receptor knockout mice have de- 
creased pancreatic insulin and insulin mRNA content” is also con- 
sistent with the notion that basal, or unstimulated levels of GLP-1 
have important effects on B-cell function. These cumulative data 
suggest that GLP-1 may have important effects on insulin biogene- 
sis and release beyond its action as an acute secretagogue. 


Other Actions of GLP-1 


Similarly to GIP, GLP-1 has been shown to have effects on tissues 
other than the pancreatic B cell. In general, these possible alterna- 
tive functions of GLP-1 have not been as conclusively established 
as are the effects of the peptide as an insulin secretagogue. 
Nonetheless, these extrainsular effects of GLP-1 involve other 
processes in the regulation of nutrient, particularly carbohydrate, 
metabolism, and so are consistent with the known incretin function 
of the hormone. Therefore a reasonable case can be made that 
GLP-1 has a broad physiologic role in minimizing fluctuations in 
blood glucose levels. 

In contrast to GIP, GLP-1 lowers fasting and postprandial 
glucagon concentrations in humans and animals." Of note, only a 
minority of a cells expresses the GLP-1 receptor,’ and among 
these cells relative expression is lower than that of the GIP recep- 
tor.” Similar to findings in vivo, GLP-1 stimulates insulin secre- 
tion and inhibits glucagon release from isolated human islets. 
However, GLP-1 has little effect on glucagon secretion from cul- 
tured a cells from disrupted islet cell preparations, and actually 
stimulates glucagon release from isolated, purified a cells.” The 
different responses to GLP-1 in animals and intact islets compared 
to isolated a cells imply that paracrine actions of insulin and/or so- 
matostatin are the primary mechanisms by which GLP-! regulates 
glucagon secretion. Similarly to the B cell, the a cell seems to be 
tonically regulated by GLP-1 since glucagon levels increase when 
the GLP-1 receptor antagonist exendin[9-39] is administered in 
the fasting state when GLP-1 is at basal levels.**** With the addi- 
tion of a glucagonostatic effect to its incretin action, GLP-1 can be 
seen as coordinating the secretion of islet hormones in the post- 
prandial state to restrain elevations in blood glucose. 

Doses of GLP-1 estimated to mimic postprandial plasma con- 
centrations inhibit antral contractions, increase pyloric tone, and 
substantially lower the rate of gastric emptying of both liquid and 
solid meals." This effect is sufficient to minimize the rise in meal- 
induced glucose and insulin levels. Supraphysiologic doses of 
GLP-1 virtually abolish gastric emptying. The effects of GLP-1 on 
gastric motility, as well as its inhibition of gastric acid secretion, 
are likely mediated through vagal afferent signals emanating from 
nerve terminals in the gastrointestinal lining.» While it is likely 
that regulation of gastric function is a normal part of the physio- 
logic action of GLP-1, this has not been proven. In nonhuman pri- 
mates given the GLP-1 receptor antagonist exendin[9-39] during 
oral glucose tolerance tests, no difference in delivery of carbohy- 
drate to the intestine was noted," suggesting that with small liquid 
meals the effect of GLP-1 to slow gastric emptying may be small. 


Administration of GLP-1 into the cerebroventricular system of 
rats decreases food intake™ raising the possibility that this incretin 
may also play a regulatory role in satiety or body weight regula- 
tion. Short-term infusion of GLP-1 to humans suppresses con- 
sumption of a subsequent lunch®*™ suggesting that the satiety ef- 
fects of GLP-1 are mediated by peripherally, rather than centrally, 
derived peptide. It is possible that effects of GLP-I on food intake 
are mediated through the same neural circuits that regulate gastric 
emptying. Currently there is some debate as to whether or not long- 
term administration of GLP-1 causes weight loss, and this remains 
an important question for future investigation. 

Several reports suggest that GLP-1 increases glucose disposal 
independent of its effects on islet hormones. In type 1 diabetic 
subjects infused with constant rates of TV insulin, the amount of 
glucose required to maintain euglycemia was 15-20% higher 
when GLP-1 was also given, suggesting that GLP-| increased glu- 
cose disposal independent of changes in insulin concentration.” 
Subsequently, it was shown that infusions of GLP-1 increased the 
rate of glucose disappearance in healthy subjects given IV glu- 
cose, and that this effect was due to increases in both insulin se- 
cretion and glucose effectiveness, an index of insulin-independent 
glucose disposition.” No specific process has yet been discovered 
to explain these findings, although it appears that GLP-1 does not 
affect insulin sensitivity in humans.**©? In vitro studies indicate 
that GLP-1 can increase glucose transport in adipocytes and 
preadipocytes,”’' and promote glycogen synthesis in both muscle 
and hepatocyte preparations.’ However, to date none of the in vitro 
and in vivo results have been corroborated in a manner that pro- 
vides a mechanism for these actions of GLP-1. Therefore, the 
physiologic importance of extra-islet effects of GLP-1 on glucose 
metabolism remains controversial. 


GLP-1 in Diabetes 


Because of its importance for glucose tolerance, and because dia- 
betic persons appear to have a defective incretin augmentation of 
insulin secretion, the adequacy of GLP-! secretion in type 2 dia- 
betes has been examined in several studies. While some groups 
have suggested that GLP-1 secretion is increased in type 2 dia- 
betes,’”"’* others have come to the opposite conclusion, that GLP-1 
secretion is impaired in diabetic individuals.” These studies have 
used different assays of plasma GLP-1, so the lack of consensus 
may be due to technical discrepancies. However, it seems more 
likely that these differences are the result of the relatively small 
sample sizes studied with distinct characteristics that could inde- 
pendently affect the results. For example, it is not clear whether 
obesity, antidiabetic treatment, or duration of diabetes alters GLP- 
1 secretion; but any of these (or other parameters) could confound 
the results of a small study. Given that GLP-1 secretion has not 
been consistently observed to be impaired in diabetic subjects, it is 
probably safe to conclude that decreased release of this incretin 
does not play an etiologic role in the vast majority of cases of 
T2DM. This conclusion is supported by the fact that nondiabetic, 
but high-risk, members of families with diabetes have normal 
GLP-1 secretion.” 

GLP-1 improves hyperglycemia, sometimes dramatically, in 
diabetic subjects, and this is due in great part to its effects on the re- 
lease of the islet hormones. Continuous IV administration of GLP- 
l to poorly controlled type 2 diabetic patients decreased blood glu- 
cose concentrations to near normal levels within 3-4 hours, 
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FIGURE 6-5. Plasma glucose concentrations in type 2 diabetic subjects infused with saline (open circles). or 
GLP-| (filled circles). Values from untreated contro! subjects are also shown (open diamonds). Administration 
of GLP-1 rapidly lowered fasting glucose to normal levels in the diabetic subjects, and greatly improved glucose 
tolerance with meal ingestion. (Reprinted with permission from Rachman et al.) 


coincident with increased insulin and decreased glucagon levels.” 
In addition, fasting hyperglycemia was significantly improved in a 
group of type | diabetic subjects with minimal insulin secretory re- 
serve given IV GLP-], most likely due to suppressed glucagon se- 
cretion.’© However, the most prominent effect of GLP-1 in diabetic 
individuals is stimulation of the B cell. Even in low doses GLP-1 
improves the responsiveness of the B cell to glucose in persons with 
impaired glucose tolerance,” an effect that may pertain to persons 
with mild diabetes as well.”* Pharmacologic doses of GLP-| are al- 
most uniformly insulinotropic in subjects with type 2 diabetes,?*”? 
in marked contrast to the relative ineffectiveness of GIP to stimu- 
late insulin release in this population. Continuous IV administra- 
tion of GLP-1 to persons with T2DM normalized fasting and post- 
prandial glucose levels for nearly a full day (Fig. 6-5).”? That this 
effect was due primarily to improvements in insulin secretion is 
supported by a recent study demonstrating that GLP-1 did not 
change insulin-independent glucose disposal in diabetic persons.®° 

The principal mechanism(s) by which GLP-1 exerts in- 
sulinotropic effects in diabetic subjects is not clear. Furthermore, it 
is not known why GLP-1, but not GIP, retains these properties in 
people with T2DM given the similarities in intracellular cell sig- 
naling between the two incretins. In aged rats with glucose intoler- 
ance, 48 hours of GLP-1! administration increased the expression of 
several genes—proinsulin, glucokinase, and the GLUT-2 glucose 
transporter—that are important in B-cell function.’ In this study 
there was an associated increase in the rapidity and magnitude of 
the insulin response that corrected the glucose intolerance of these 
aged animals. This suggests that some of the effects of GLP-1 to 
improve dysfunctional insulin secretion may result from stimula- 


tion of the synthesis of key proteins. Understanding the processes 
through which GLP-1 renews insulin secretion in persons with dia- 
betes is likely to provide important insights into the pathology of 
the B cell in this condition and as well as generating targets for 
novel therapeutics. 

Because of the potent effects of IV GLP-1 in improving blood 
glucose levels in persons with diabetes, there has been much inter- 
est in using this peptide or an analogue in treating these patients. 
One major advantage of GLP-1 over many of the currently avail- 
able agents used in treating diabetes is that its insulinotropic effect 
is glucose-dependent and so hypoglycemia is not likely to be a 
major side effect. GLP-1 has been administered to diabetic pa- 
tients by subcutaneous injection before meals to decrease post- 
prandial blood glucose excursions,*'*? but the doses used in these 
studies were pharmacologic and most likely caused significant in- 
hibition of gastric emptying, sometimes associated with symptoms 
of nausea. Buccal preparations containing GLP-1] have also been 
shown to deliver peptide to the circulation and represent another 
potential mode of administration.” However, the problem with 
both subcutaneous and buccal delivery of GLP-1 is that because of 
the rapid metabolism of the peptide by DPP IV, the effects are 
short-lived. Continuous subcutaneous infusion of GLP-1 via a 
portable pump to subjects with type 2 diabetes caused significant 
improvements in their glycemic levels for up to 1 week and was 
well tolerated.” Several approaches to minimize the metabolism 
of GLP-1 to GLP-1[9-36 amide] and extend its time of action are 
currently being pursued.®° DPP IV-resistant analogues of GLP-1 
have been given to animals and shown to have increased potency 
compared to the native peptide. Additionally, DPP IV inhibitors 
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are available and have been used to augment the effectiveness of 
endogenous GLP-I. Other means of harnessing GLP-! receptor 
signaling to improve glucose homeostasis include the use of longer 
acting or more potent parenteral analogues of GLP-1,"° and genet- 
ically-engineered cells that can continuously secrete GLP-1.*” 
These strategies, and the possibility of developing orally active 
GLP-I receptor activators, are under current investigation. 


OTHER INSULINOTROPIC PEPTIDES 


Several other peptides synthesized in the GI tract affect B-cell 
function and have been examined for physiologic roles in meal- 
induced insulin secretion.” Among these, cholecystokinin 
(CCK), gastrin, and secretin are secreted after food ingestion, are 
insulinotropic, and have clear endocrine functions, and so received 
significant attention as potential incretins. The CCK, receptor is 
present on pancreatic islets and CCK increases insulin secretion in 
vitro. However, in humans, nutrient protein and fat, and not glu- 
cose, are the primary stimulus to CCK release, making it an un- 
likely candidate to mediate glucose-stimulated insulin secretion. 
Furthermore, CCK is not insulinotropic in humans when given in 
physiologic amounts and administration of CCK receptor antago- 
nists does not alter postprandial insulin levels in healthy humans. 
Interestingly, pharmacologic doses of CCK potentiate insulin se- 
cretion and decrease postprandial glycemia in type 2 diabetic sub- 
jects.” Similarly to CCK, secretin stimulates insulin secretion only 
at plasma levels that are clearly pharmacologic and so is not likely 
to play a physiologic role as an incretin. Gastrin also stimulates in- 
sulin secretion at levels significantly above what are normally 
measured following meals. However. in several disease states hy- 
pergastrinemia is common, so it is possible that this peptide may 
affect insulin secretion in specific patients.” Somatostatin-28 
(S-28) is released from the upper GI tract in response to protein- 
and fat-containing meals. Plasma levels peak in the later phases of 
nutrient absorption, and in physiologic amounts S-28 inhibits in- 
sulin release. This peptide has therefore been proposed as a de- 
cretin that slows B-cell secretion as carbohydrate delivered from 
the gut wanes."* 

There are a number of neural peptides produced in the GI tract 
that are also contained in neurons innervating the pancreatic 
islets.” While not true incretins, it is likely that signaling via these 
autonomic transmitters plays a role in insulin secretion in response 
to meals. Pituitary adenylate cyclase activating polypeptide 
(PACAP), vasoactive intestinal polypeptide (VIP), and gastrin- 
releasing peptide (GRP) are contained in parasympathetic neurons 
and likely play a role in neurally mediated insulin secretion. As an 
example, mice with targeted gene deletion of the PAC1 receptor, an 
important target for PACAP, have impaired insulin secretion and 
increased plasma glycemia in response to gastric glucose loads.”! 
This finding suggests that signaling through neural pathways that 
release PACAP is activated by glucose in the GI tract and promotes 
insulin release, and is consistent with a large body of literature im- 
plicating the autonomic nervous system in physiologic insulin se- 
cretion. It is clear that in humans and other mammals neurally me- 
diated insulin secretion occurs soon after food consumption, before 
sufficient nutrients have been absorbed to change circulating levels 
of glucose and other substrates. Although it comprises a relatively 
small amount of the total postprandial insulin released. this early, 
or cephalic-phase, insulin secretion has been shown to be impor- 
tant for normal glucose tolerance.” The contribution of neural sig- 


nals to insulin secretion during the absorptive phase of meals is not 
as clearly established, but it is plausible that parasympathetic 
cholinergic or peptidergic inputs synergize with substrates and in- 
cretins to regulate the B cell. 


SUMMARY 


Insulin secretion during nutrient ingestion and absorption is finely 
controlled by the interactions of hyperglycemia, neural signals, and 
incretins. The incretin effect is essential for normal glucose toler- 
ance, and it appears that the contributions of both GIP and GLP-1 
are important in this regard. It is not surprising that GIP and GLP- 
l have additional activity beyond the stimulation of insulin release, 
and it appears that these extra-incretin actions tend to complement 
the incretin effect by promoting nutrient assimilation and/or glu- 
cose homeostasis. Major questions remain as to the role of the in- 
cretins in normal physiology. Central among these are the specific 
roles, as well as the interactions, of GIP and GLP-1, the nature of 
nutrient-K/L-cell coupling leading to incretin release, and the 
mechanisms and physiologic significance of the extra-islet effects 
of incretins. In addition, there are important areas for future re- 
search relating the incretins and diabetes. For example, the cause of 
the impaired incretin effect in type 2 diabetes and the ultimate con- 
tribution of this defect on postprandial glycemia has not yet been 
determined, but is likely to provide both pathogenetic and thera- 
peutic insights. Understanding the apparent loss of B-cell respon- 
siveness to GIP, but not GLP-1, in type 2 diabetes may explain the 
decreased incretin effect in these patients. In addition, this line of 
inquiry has the potential to uncover important intra-B-cell signal- 
ing pathways and sites of dysfunction. Finally, there are numerous 
exciting possibilities currently under investigation for harnessing 
the incretin pathways to improve insulin secretion and glucose tol- 
erance. Thus the long history of research devoted to enteric hor- 
mones and their regulation of insulin secretion may soon result in 
tangible benefits for patients with diabetes. 


REFERENCES 


1. Kieffer TJ, Habener JF: The glucagon-like peptides. Endocr Rev 
1999;20:876. 

2. Creutzfeldt W, Nauck M: Gut hormones and diabetes mellitus. Dia- 
betes Metab Rev 1992:8:149. 

3. Dupre J: Influences of the gut on the endocrine pancreas. In: Samols 
E, ed. The Endocrine Pancreas. Raven Press:1991;253. 

4. Nauck MA, Homberger E, Siegel EG, er al: Incretin effects of in- 
creasing glucose loads in man calculated from venous insulin and C- 
peptide responses. J Clin Endocrinol Metab 1986:63:492. 

5. Nauck M, Stockmann F, Ebert R, ef al: Reduced incretin effect in type 
2 (non-insulin-dependent) diabetes. Diabetologia 1986;29:46 

6. Pederson R: Gastric inhibitory polypeptide. In: Walsh JH, Dockray 
GJ, eds. Gut Peptides. Raven Press: 1995;217. 

7. Wolfe MM BM, Kieffer TJ, Tseng C-C: Glucose-dependent in- 
sulinotropic polypeptide (GIP): Incretin vs. enterogastrone. In: Gree- 
ley GH, ed. Gastrointestinal Endocrinology. Humana Press: 1999;439. 

8. Usdin TB, Mezey E. Button DC, er al: Gastric inhibitory polypeptide 
receptor. a member of the secretin- vasoactive intestinal peptide recep- 
tor family. is widely distributed in peripheral organs and the brain. En- 
docrinology 1993:133:2861. 

9. Kieffer TJ, Huang Z. McIntosh CH, er a/: Gastric inhibitory polypep- 
ude release from a tumor-derived cell line. Am J Physiol 1995;269: 
E316. 

10. Tseng CC. Boylan MO, Jarboe LA, ef al: Chronic desensitization of 
the glucose-dependent insulinotropic polypeptide receptor in diabetic 
rats. Am J Physiol 1996;270:E661. 


CHAPTER 6 


Il. 


12. 


20. 


21. 


22. 


23. 


24. 


25. 


29. 


30. 


31. 


32. 


33. 


Schirra J, Katschinski M, Weidmann C, er al: Gastric emptying and 
release of incretin hormones after glucose ingestion in humans. J Clin 
Invest 1996;97:92. 

Ebert R, Creutzfeldt W: Gastrointestinal peptides and insulin secre- 
tion. Diabetes Metab Rev 1987;3:1. 


. Krarup T: Immunoreactive gastric inhibitory polypeptide. Endocrinol 


Rev 1988;9:122. 


. Mentlein R: Dipeptidyl-peptidase IV (CD26)—role in the inactivation 


of regulatory peptides. Regul Pept 1999;85:9. 


. Wheeler MB, Gelling RW, McIntosh CH, er al: Functional expression 


of the rat pancreatic islet glucose-dependent insulinotropic polypep- 
tide receptor: ligand binding and intracellular signaling properties. 
Endocrinology 1995;136:4629. 


. Gremlich S, Porret A, Hani EH, er al: Cloning, functional expression, 


and chromosomal localization of the human pancreatic islet glucose-de- 
pendent insulinotropic polypeptide receptor. Diabetes 1995;44:1202. 


. Moens K, Heimberg H, Flamez D, er al: Expression and functional 


activity of glucagon, glucagon-like peptide 1, and glucose-dependent 
insulinotropic peptide receptors in rat pancreatic islet cells. Diabetes 
1996;45:257. 


. Ding WG, Gromada J: Protein kinase A-dependent stimulation of ex- 


ocytosis in mouse pancreatic beta-cells by glucose-dependent in- 
sulinotropic polypeptide. Diabetes 1997;46:615. 


. Tseng CC, Zhang XY: Role of regulator of G protein signaling in de- 


sensitization of the glucose-dependent insulinotropic peptide receptor. 
Endocrinology 1998;139:4470. 

Tseng CC, Zhang XY: Role of G protein-coupled receptor kinases in 
glucose-dependent insulinotropic polypeptide receptor signaling. En- 
docrinology 2000; 141:947. 

Tseng CC, Kieffer TJ, Jarboe LA, et al: Postprandial stimulation of 
insulin release by glucose-dependent insulinotropic polypeptide 
(GIP). Effect of a specific glucose-dependent insulinotropic polypep- 
tide receptor antagonist in the rat. J Clin Invest 1996;98:2440. 
Miyawaki K, Yamada Y, Yano H, et al: Glucose intolerance caused by a 
defect in the entero-insular axis: a study in gastric inhibitory polypep- 
tide receptor knockout mice. Proc Natl Acad Sci USA 1999;96:14843. 
Ding WG, Renstrom E, Rorsman P, ef al: Glucagon-like peptide I and 
glucose-dependent insulinotropic polypeptide stimulate Ca2*-in- 
duced secretion in rat alpha-cells by a protein kinase A-mediated 
mechanism. Diabetes 1997;46:792. 

Nauck MA, Heimesaat MM, Orskov C, et al: Preserved incretin activ- 
ity of glucagon-like peptide | (7-36 amide) but not of synthetic 
human gastric inhibitory polypeptide in patients with type 2 diabetes 
mellitus. J Clin Invest 1993;91:301. 

Morgan LM: The metabolic role of GIP: physiology and pathology. 
Biochem Soc Trans 1996;24:585. 


. Cheeseman CI, Tsang R: The effect of GIP and glucagon-like pep- 


tides on intestinal basolateral membrane hexose transport. Am J Phys- 
tol 1996;271:G477. 


. Tseng CC, Zhang XY, Wolfe MM: Effect of GIP and GLP-1 antago- 


nists on insulin release in the rat. Am J Physiol 1999;276:E1049. 


. Roust LR, Stesin M, Go VL, er al: Role of gastric inhibitory polypep- 


tide in postprandial hyperinsulinemia of obesity. Am J Physiol 1988; 
254:E767. 

Jones IR, Owens DR, Moody AJ, er al: The effects of glucose-depend- 
ent insulinotropic polypeptide infused at physiological concentrations 
in normal subjects and type 2 (non-insulin-dependent) diabetic patients 
on glucose tolerance and B-cell secretion. Diabetologia !987;30:707. 
Jones IR, Owens DR, Luzio S, er al: The glucose dependent in- 
sulinotropic polypeptide response to oral glucose and mixed meals is 
increased in patients with type 2 (non-insulin-dependent) diabetes 
mellitus. Diabetologia 1989;32:668. 

Nyholm B, Walker M, Gravholt CH, et al: Twenty-four-hour insulin 
secretion rates, circulating concentrations of fuel substrates and gut 
incretin hormones in healthy offspring of type II (non-insulin-depend- 
ent) diabetic parents: evidence of several aberrations. Diabetologia 
1999;42:1314. 

Elahi D, McAloon-Dyke M, Fukagawa NK, er al: The insulinotropic 
actions of glucose-dependent insulinotropic polypeptide (GIP) and 
glucagon-like peptide-1 (7-37) in normal and diabetic subjects. Regul 
Pept 1994;51:63. 

Kubota A, Yamada Y, Hayami T, et al: Identification of two missense 
mutations in the GIP receptor gene: a functional study and association 
analysis with NIDDM: no evidence of association with Japanese 
NIDDM subjects. Diabetes 1996;45:1701. 


34. 


35. 


36. 


37. 


38. 


39. 
40. 


4i. 


42. 


47. 


48. 


49. 


50. 


5I. 


52. 


53. 


54. 


55. 


56. 


57. 


INCRETINS: GLUCOSE-DEPENDENT INSULINOTROPIC POLYPEPTIDE AND GLUCAGON-LIKE PEPTIDE 1 9. 


Almind K, Ambye L, Urhammer SA, et al: Discovery of amino aci 
variants in the human glucose-dependent insulinotropic polypeptid. 
(GIP) receptor: the impact on the pancreatic beta cell responses anı 
functional expression studies in Chinese hamster fibroblast cells. Dia 
betologia 1998:41:1194. 

Holst JJ, Gromada J. Nauck MA: The pathogenesis of NIDDM involve: 
a defective expression of the GIP receptor. Diabetologia 1997;40:984. 
Meneilly GS. Ryan AS, Minaker KL, et al: The effect of age anc 
glycemic level on the response of the beta-cell to glucose-dependent 
insulinotropic polypeptide and peripheral tissue sensitivity to endoge- 
nously released insulin. J Clin Endocrinol Metab 1998;83:2925. 
Brubaker PL DD: Intestinal proglucagon-derived peptides. In: Gree- 
ley GH, ed. Gastrointestinal Endocrinology. Humana Press:1999;493. 
Fehmann H-C, Goke R, Goke B: Cell and molecular biology of the in- 
cretin hormones glucagon-like peptide-1 and glucose-dependent in- 
sulin releasing polypeptide. Endocrinol Rev 1995;16:390. 

Kreymann B, Ghatei MA, Williams G, et al: Glucagon-like peptide- | 
7-36: A physiological incretin in man. Lancet 1987;2:1300. 
Herrmann C. Goke R. Richter G, et al: Glucagon-like peptide-1 and 
glucose-dependent insulin-releasing polypeptide plasma levels in re- 
sponse to nutrients. Digestion 1995;56:117 

Hoyt EC, Lund PK, Winesett DE, er al: Eftects of fasting, refeeding, 
and intraluminal triglyceride on proglucagon expression in jejunum 
and ileum. Diaberes 1996;45:434. 

Balks HJ, Holst JJ, von zur Muhlen A, er al: Rapid oscillations in 
plasma glucagon-like peptide-1 (GLP-1) in humans: cholinergic con- 
trol of GLP-1 secretion via muscarinic receptors. J Clin Endocrinol 
Metab 1997;82:786. 


. D’Alessio DA, Thirlby R, Laschansky EC, et al: Response of GLP-1 


to nutrients in humans. Digestion 1993:54:377. 


. Miholic J, Orskov C, Holst JJ, et al: Emptying of the gastric substi- 


tute, glucagon-like peptide-1 (GLP-1), and reactive hypoglycemia 
after total gastrectomy. Dig Dis Sci 1991;36:1361. 


. Nauck MA, Bartels E, Orskov C, et al: Additive insulinotropic effects 


of exogenous synthetic human gastric inhibitory polypeptide and 
glucagon-like peptide-1-(7—36) amide infused at near-physiological 
insulinotropic hormone and glucose concentrations. J Clin En- 
docrinol Metab 1993;76:912. 


. Damholt AB, Kofod H, Buchan AM: Immunocytochemical evidence 


for a paracrine interaction between GIP and GLP-1-producing cells in 
canine small intestine. Cell Tissue Res 1999;298:287. 

Deacon CF, Nauck MA, Toft-Nielsen M, er al: Both subcutaneously 
and intravenously administered glucagon-like peptide | are rapidly 
degraded from the NH>-terminus in type II diabetic patients and in 
healthy subjects. Diabetes 1995;44:1126. 

Montrose-Rafizadeh C, Yang H, Rodgers BD, ef al: High potency an- 
tagonists of the pancreatic glucagon-like peptide-1 receptor. J Biol 
Chem 1997:272:21201. 

Gromada J, Holst JJ, Rorsman P: Cellular regulation of islet hormone 
secretion by the incretin hormone glucagon-like peptide 1. Pflugers 
Arch 1998;435:583. 

Bode HP, Moormann B, Dabew R, er al: Glucagon-like peptide | ele- 
vates cytosolic calcium in pancreatic beta-cells independently of pro- 
tein kinase A. Endocrinology 1999;140:3919. 

Thorens B, Widmann C: Signal transduction and desensitization of the 
glucagon-like peptide-1 receptor. Acta Physiol Scand 1996;157:317. 
Wang Y, Perfetti R, Greig NH, er al: Glucagon-like peptide-1 can re- 
verse the age-related decline in glucose tolerance in rats. J Clin Invest 
1997;99:2883. 

Xu G, Stoffers DA, Habener JF, et al: Exendin-4 stimulates both beta- 
cell replication and neogenesis, resulting in increased beta-cell mass and 
improved glucose tolerance in diabetic rats. Diabetes 1999;48:2270. 

D’ Alessio DA, Vogel RE, Prigeon RL, et al: Elimination of the action 
of glucagon-like peptide 1 causes an impairment of glucose tolerance 
after nutrient ingestion by healthy baboons. J Clin Invest 1996;97: 
133. 

Scrocchi LA, Brown TJ, MacLusky N, er al: Glucose intolerance but 
normal satiety in mice with a null mutation in the glucagon-like pep- 
tide I receptor gene. Nat Med 1996;2:1254. 

Pederson RA, Satkunarajah M, McIntosh CH, er al: Enhanced 
glucose-dependent insulinotropic polypeptide secretion and in- 
sulinotropic action in glucagon-like peptide | receptor —/— mice. Di- 
abetes 1998;47:1046. 

Serre V, Dolci W, Schaerer E, er al: Exendin-(9-39) is an inverse ago- 
nist of the murine glucagon-like peptide-1 receptor: implications for 


96 


58. 


59. 


6l. 


62. 


69. 


70. 


71. 


72. 


73. 


74. 


DIABETES MELLITUS 


basal intracellular cyclic adenosine 3’.'-monophosphate levels and 
beta-cell glucose competence. Endocrinology 1998;139:4448. 
Schirra J, Sturm K, Leicht P, et al: Exendin(9-39)amide is an antago- 
nist of glucagon-like peptide-1(7-36)amide in humans. J Clin Invest 
1998:101:1421. 

Heller RS, Kieffer TJ, Habener JF: Insulinotropic glucagon-like pep- 
tide I receptor expression in glucagon-producing alpha-cells of the rat 
endocrine pancreas. Diabetes 1997:46:785. 


. Fehmann HC, Hering BJ, Wolf MJ. et al: The effects of glucagon-like 


peptide-I (GLP-1) on hormone secretion from isolated human pancre- 
atic islets. Pancreas 1995;11:196. 

Schirra J, Houck P, Wank U, er al: Effects of glucagon-like peptide- 
1(7-36)amide on antro-pyloro-duodenal motility in the interdigestive 
state and with duodenal lipid perfusion in humans. Gut 2000:46:622. 
Imeryuz N, Yegen BC, Bozkurt A. et al: Glucagon-like peptide-| in- 
hibits gastric emptying via vagal afferent-mediated central mecha- 
nisms. Am J Physiol 1997:273:G920. 


. Wettergren A, Wojdemann M, Holst JJ: Glucagon-like peptide-] in- 


hibits gastropancreatic function by inhibiting central parasympathetic 
outflow. Am J Physiol 1998:275:G984. 


. Turton MD, O’Shea D, Gunn I. et al: A role for glucagon-like peptide- 


1 in the central regulation of feeding. Nature 1996;379:69. 


. Flint A, Raben A, Astrup A, ef al: Glucagon-like peptide | promotes 


satiety and suppresses energy intake in humans. J Clin Invest 1998; 
101:515. 


. Gutzwiller JP, Goke B, Drewe J, ef al: Glucagon-like peplide-1: a po- 


tent regulator of food intake in humans. Gur 1999;44:81. 


. Gutniak M, Orskov C, Holst J, et af: Antidiabetogenic effect of 


glucagon-like peptide-1(7~36) amide in normal subjects and patients 
with diabetes mellitus. N Eng! J Med 1992:326:1316. 


. D'Alessio DA, Kahn SE, Leusner CR. er al: Glucagon-like peptide | 


enhances glucose tolerance both by stimulation of insulin release and 
by increasing insulin-independent glucose disposal. J Clin Invest 
1994;:93:2263. 

Orskov L, Holst JJ, Moller N, et al: GLP-1 does not acutely affect in- 
sulin sensitivity in healthy man. Diabetologia 1996;39:1227. 

Oben J. Morgan L, Fletcher J. et al: Effect of the entero-pancreatic 
hormones, gastric inhibitory polypeptide and glucagon-like polypep- 
tide-1 (7-36) amide, on fatty acid synthesis in explants of rat adipose 
tissue. J Endocrinol 1991:130:267. 

Egan JM, Montrose-Rafizadeh C, Wang Y, et al: Glucagon-like pep- 
tide 1 (7-36)amide enhances insulin-stimulated glucose metabolism 
in 3T3-LI adipocytes: One of several potential extrapancreatic sites of 
GLP-1 action. Endocrinology 1994;135:2070. 

Orskov C, Jeppesen J, Madsbad S, er al: Proglucagon products in 
plasma of noninsulin-dependent diabetics and nondiabetic controls in 
the fasting state and after oral glucose and intravenous arginine. J Clin 
Invest 1991;87:415. 

Fukase N, Manaka H, Sugiyama H, er al: Response of truncated 
glucagon-like peptide-1 and gastric inhibitory polypeptide to glucose 
ingestion in non-insulin dependent diabetes mellitus. Acta Diabetol 
1995:32:165. 

Vaag AA, Holst JJ, Volund A, et al: Gut incretin hormones in identical 
twins discordant for non-insulin-dependent diabetes mellitus 
(NIDDM)—evidence for decreased glucagon-like peptide | secretion 


75. 


76. 


77. 


78. 


79. 


80. 


8l. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


during oral glucose ingestion in NIDDM twins. Eur J Endocrinol 
1996;135:425. 

Nauck MA, Kleine N, Orskov C, et al: Normalization of fasting hy- 
perglycemia by endogenous glucagon-like peptide 1 (7-36 amide) in 
type 2 (non-insulin-dependent) diabetic patients. Diabetologia 1993; 
36:741. 

Creutzfeldt W, Orskov C, Kleine N, er al: Glucagonostatic actions and 
reduction of fasting hyperglycemia by exogenous glucagon-like pep- 
tide I (7-36) amide in type I diabetic patients. Diabetes Care 1996;19: 
580. 

Byrne MM, Gliem K, Wank U, er al: Glucagon-like peptide ! im- 
proves the ability of the beta-cell to sense and respond to glucose 
in subjects with impaired glucose tolerance. Diabetes 1998;47: 
1259. 

Ahren BO, Larsson H, Holst JJ: Effects of glucagon-like peptide-1 on 
islet function and insulin sensitivity in noninsulin-dependent diabetes 
mellitus. J Clin Endocrinol Metab 1997;82:473. 

Rachman J, Barrow BA. Levy JC, et al: Near-normalisation of diurnal 
glucose concentrations by continuous administration of glucagon-like 
peptide-1 (GLP-1) in subjects with NIDDM. Diabetologia 1997;40: 
205. 

Vella A, Shah P, Basu R, er al: Effect of glucagon-like peptide 1(7-36) 
amide on glucose effectiveness and insulin action in people with type 
2 diabetes. Diabetes 2000;49:611. 

Dupre J, Behme MT, Hramiak IM, er al: Glucagon-like peptide I re- 
duces postprandial glycemic excursions in IDDM. Diabetes 1995;44: 
626. 

Gutniak MK, Linde B, Holst JJ, er al: Subcutaneous injection of the 
incretin hormone glucagon-like peptide 1 abolishes postprandial 
glycemia in NIDDM. Diabetes Care 1994;17:1039. 

Gutniak MK, Larsson H, Sanders SW, et al: GLP-1 tablet in type 2 di- 
abetes in fasting and postprandial conditions. Diabetes Care 1997;20: 
1874, 

Toft-Nielsen MB, Madsbad S, Holst JJ: Continuous subcutaneous 
infusion of glucagon-like peptide | lowers plasma glucose and re- 
duces appetite in type 2 diabetic patients. Diabetes Care 1999;22: 
1137. 

Holst JJ. Deacon CF: Inhibition of the activity of dipeptidyl-peptidase 
IV as a treatment for type 2 diabetes. Diabetes 1998;47:1663. 

Greig NH, Holloway HW, De Ore KA, et al: Once daily injection of 
exendin-4 to diabetic mice achieves long-term beneficial effects on 
blood glucose concentrations. Diabetologia 1999;42:45. 

Burcelin R. Rolland E, Dolci W, et al: Encapsulated, genetically engi- 
neered cells. secreting glucagon-like peptide-1 for the treatment of 
non-insulin-dependent diabetes mellitus, Ann NY Acad Sci 1999;875: 
277. 

Ebert R: Gut signals for islet hormone release. Eur J Clin Invest 1990; 
20(Suppl 1):20. 

Ahren B, Holst JJ, Efendic S: Antidiabetogenic action of cholecys- 
tokinin-8 in type 2 diabetes. J Clin Endocrinol Metab 2000;85: 1043. 
Ahren B: Autonomic regulation of islet hormone secretion—implica- 
tions for health and disease. Diabetologia 2000;43:393. 

Jamen F, Persson K, Bertrand G, et al: PACI receptor-deficient mice 
display impaired insulinotropic response to glucose and reduced glu- 
cose tolerance. J Clin Invest 2000;105:1307 


CHAPTER 7 


Glucagon 


John M. Amatruda 
James N. Livingston 


INTRODUCTION 


Glucagon, through its effects on the liver, is an important regulator 
of glucose and lipid metabolism in health and disease. Murlin and 
Kimball discovered glucagon in 1923, and the peptide was first puri- 
fied and its biological actions studied in the 1940s and 1950s. Proof 
of its hormonal status was not available until the development of a 
radioimmunoassay for glucagon in 1959. In the 1960s and 1970s, 
the a (alpha) cell was shown to be a vital component of the islets of 
Langerhans and glucagon was found to play an essential role in the 
overproduction of glucose and ketones in diabetes. By 1985, the role 
of glucagon in health and disease was largely understood. 

In the 1980s and ’90s, most research focused on the molecular 
and cell biology of glucagon including the preproglucagon gene, 
its distribution and regulation, the processing of the prohormone, 
and the cloning and characterization of the glucagon receptor. In 
addition, newer in vivo techniques and animal models have refined 
our knowledge of the importance of glucagon in glucose homeo- 
stasis. This chapter will review the regulation and function of 
glucagon at the molecular, cellular, and physiological levels. 


THE GLUCAGON GENE AND ITS PRODUCTS 


Preproglucagon Gene 


The preproglucagon gene apparently arose from the duplication of 
an ancestral gene over 800 million years ago.' The gene for pre- 
proglucagon is located on the long arm of chromosome 2? and has 
six exons of which four encode the 5’-untranslated region, the sig- 
nal peptide, the preprohormone, and the 3’ untranslated region.” 
Control of the preproglucagon gene is through six identified pro- 
moters, which include G1 through G4, CRE (cyclic AMP response 
element), and ISE (intestine-specific enhancer) (Fig. 7-1). The 
promoter activity depends on the tissue in which the gene is being 
expressed. For example, the G1 promoter, a ~40 nucleotide ele- 
ment located near the TATA box, is acted on by homeoproteins to 
direct a-cell expression,” '' whereas G2 and G3 promoters are en- 
hancers that are active in islets as well as in other cells.'”'® The G3 
element may mediate the suppressive insulin response found in 
studies of glucagon gene expression in islets.'* The CRE is located 
near the G3 element and responds to cyclic AMP—mediated events. 
The presence of this promoter is consistent with the finding in 


a cells that elevation of cyclic AMP increases preproglucagor 
gene expression.'*""” 

Less is understood about the control of preproglucagon gene 
expression in sites other than the a cell. For example, intestina 
L cells appear to use the ISE promoter element, although othe 
upstream elements are also required.*'® 


TISSUE EXPRESSION OF PREPROGLUCAGON 


Preproglucagon can be demonstrated in a variety of cells. The most 
important sites of production are the a cells in pancreatic islets and 
L cells in the jejunum, ileum, and to a lesser extent in the duo- 
denum and large bowel. Other locations of preproglucagon expres- 
sion are specific neurons in the brain (hypothalamus, cerebral cor- 
tex, amygdaloid nuclei, and medulla oblongata)!? and “a cells” in 
the gastric fundus of the dog.” 

There are a number of peptides that can be produced from pre- 
proglucagon. The peptides generated depend on posttranslational 
processing of the preprohormone at dibasic amino acid sites.?!-°5 
Enzymes called prehormone convertases, which process pro- 
hormones, are involved in the cleavage of preproglucagon to 
glucagon. Two of the convertases, PC2 and PC1/3, are found in 
high concentrations in islet cells. PC2 is thought to convert pre- 
proglucagon to glucagon in a cells,” whereas PC1/3 generates 
glucagon-like peptides (GLPs) in the intestine.” Mice with a defi- 
ciency of PC2 generated by knockout experiments have fasting hy- 
poglycemia consistent with a deficiency in circulating glucagon.”* 

Figure 7-2 shows the different peptides generated from pre- 
proglucagon by a cells in pancreatic islets or by L cells in the in- 
testine. Depending on the tissue, a number of peptides have been 
identified from preproglucagon processing.” These peptides in- 
clude GRPP (glicentin-related pancreatic peptide), glucagon, IP-1 
(intervening peptide-1), GLP-1, IP-2 (intervening peptide-2), and 
GLP-2. In the a cell, the glicentin fragment, which contains se- 
quences for GRPP, glucagon, and IP-1, is first processed to ox- 
yntomodulin, a fragment that contains glucagon and IP-}. This lat- 
ter peptide is further processed to form glucagon. Small amounts of 
oxyntomodulin representing about 10-15% of the glucagon con- 
tent can be found in a cells. A large C-terminal fragment of pre- 
proglucagon is also present and has the sequences of GLP-| and 
GLP-2. However, the «a cell cannot efficiently generate GLP-1 or 
GLP-2 from this fragment. 
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Insulin- 
Intestine cyclic AMP/Ca++ responsive PKC- Pancreatic 
specific responsive repressor C/EBP responsive a-cell specific 
enhancer element element enhancer element element 
TATA 
CBS/CRE/CBS G3 CES G2 G4/G1 
-2000 -310 -218 -65 


FIGURE 7-1. DNA control elements for the rat glucagon gene. ISE, intestine-specific enhancer; CBS, CAP-bind- 
ing site; CRE, cyclic AMP response element; CES, C/EBP enhancer site; G1-G4, major a cell/islet enhancers; 


TATA, TATA box. (Modified from Kieffer et al.?%) 


In L cells, the processing of preproglucagon generates GLP-1, 
GLP-2, and glicentin, which in this cell type is further processed 
into oxyntomodulin and GRPP.”” Unlike the a cell, the L cell can- 
not generate glucagon from oxyntomodulin. Overall, these findings 
with a cells and L cells point to a remarkably cell-specific process- 
ing of preproglucagon to generate an array of gene products fash- 
ioned for the needs of a particular tissue. 

The processing of preproglucagon in the brain generally cor- 
responds to the processing in the intestine.*”*> Interestingly, 
however, glucagon can be found in fetal brain, but this processing 
ability disappears as the brain matures. 

A miniglucagon has been reported in plasma that represents 
the 19-29 amino acid fragment of glucagon.”° The short half-life of 
the fragment and the failure to find significant amounts in the cir- 


culation suggests that miniglucagon is produced from glucagon at 
the surface of the hepatocyte, where the fragment is purported to 
act.’ Studies of the effects of miniglucagon on liver indicate that 
the fragment has different actions than glucagon, although the im- 
portance of these effects is not clear, nor has a possible physiolog- 
ical role for this fragment been established.” 


GLUCAGON SYNTHESIS AND SECRETION 


The rate-limiting step in the synthesis of glucagon by a cells is the 
production of preproglucagon. The elevation of cyclic AMP in- 
creases preproglucagon gene expression with the consequent in- 
crease in preprohormone production. This effect of cyclic AMP 


FIGURE 7-2. Processing of the proglucagon to peptides in intestinal L cells and pancreatic a cells. GLP, 
glucagon-like peptide; GRPP, glicentin-related pancreatic peptide; IP, intervening peptide. (Modified from Kief- 


Jera al.?’) 
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may demonstrate synergy with elevations in Ca** to increase the 
production rate to levels greater than either alone.™® Membrane 
depolarization in which calcium/calmodulin-dependent kinase II 
participates is also part of this process. 

In contrast to agents that increase glucagon synthesis, insulin is 
reported to inhibit preproglucagon gene expression in a cells." 
This inhibitory effect is thought to be mediated by an insulin re- 
sponse element in the preproglucagon gene that corresponds to the 
previously identified enhancer-like element, G3.*! 

Expression of preproglucagon in L cells has been monitored 
by the synthesis and secretion of GLP-1.° Intestinal cell cultures 
have shown that cyclic AMP-mediated responses stimulate GLP-1 
synthesis and release.'**? The release of GLP-1 from L cells 
involves a rapid response to hormonal and neural signals and a 
slower response to direct contact with nutrients.” 

The secretion of glucagon from a cells is under a complex con- 
trol system that responds acutely to nutritional and hormonal signals. 
This acute response is geared to immediate changes in fuel home- 
ostasis.*° Because of the complexities in this control system and the 
likelihood that multiple, parallel changes will occur in a number of 
regulatory systems in response to metabolic alterations, it is difficult 
to distinguish direct effects on glucagon secretion from indirect ef- 
fects. For example, a stimulus that causes insulin release may also be 
associated with a drop in plasma glucagon. In this case, it is difficult 
to know if the effect is from a direct action on the a cell or an indirect 
effect from B-cell stimulation and a consequent increase in insulin 
secretion, which in itself will reduce glucagon secretion. 

The signals to the a cell that regulate glucagon secretion can 
be divided into neural signals from the nerve endings that surround 
the pancreatic islet; signals from circulating hormones, especially 
those from the gut or from other cells in the islets; or signals from 
fuels, particularly glucose and amino acids. Figure 7-3 illustrates 
the role of the central nervous system in the regulation of glucagon 
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secretion in response to hypoglycemia. The neural signals are d 
livered by adrenergic, cholinergic, peptidergic, and purinerg: 
nerves, and link areas in the hypothalamus to the islets through tt 
autonomic nervous system. Thus stimulation of the ventromedii 
nucleus in the hypothalamus produces glucagon release while ir 
hibiting insulin release, the latter of which further enhance 
glucagon secretion.** Likewise, stimulation of the lateral hypotha 
amus also increases glucagon release.“ 

The release of norepinephrine from sympathetic nerve ending 
in pancreatic islets activates œ- and B2-adenoreceptors on « cell 
and increases glucagon secretion.***? Parasympathetic innervatio 
of the islet increases glucagon secretion by the release of acety! 
choline and the consequent activation of M, and M, muscarinic re 
ceptors on a cells.***° 

Peptidergic stimulation of a cells involves a growing list c 
neuropeptides. Glucagon secretion is stimulated by a pancreati 
sympathetic neuropeptide like galanin?! or a parasympathetic neu 
ropeptide like vasoactive intestinal peptide (VIP).*” More recently 
PACAP-27 and PACAP-38 (pituitary adenylate cyclase activatin; 
polypeptide), two forms of a neuropeptide related to VIP, wer 
found in human pancreas and shown to cause glucagon secretion.” 

Gastrointestinal neuropeptides that have activity on a cell 
include gastrin and cholecystokinin (CCK).™ Both peptides appar 
ently act on the CCK-B/G receptor in a cells to stimulate glucago! 
release. a-Cell function may be altered by serotonin an 
prostaglandins~> as well as GLP-1, which inhibits glucagon secre 
tion in vivo.°*°”’ However this effect may be secondary to the po 
tent stimulatory effects GLP-1 has on insulin secretion,**™ sinc 
in vitro experiments on isolated islets show a stimulation o 
glucagon secretion.'*!” 

Besides neuropeptides from the gut, somatostatin, a peptid 
produced in the brain, in the GI tract, and in pancreatic islets, is ; 
potent inhibitor of glucagon secretion.*' The binding of somato 


FIGURE 7-3. Control of glucagon secretion by hypoglycemia. Low plasma glucose has 
direct and indirect effects on glucagon secretion by the « cell. The indirect effects are 
through the autonomic system that acts both on the a cell and B cell. A direct effect of 
low plasma glucose on the a cell is illustrated. The importance of a reduction in insulin 
secretion for enhanced glucagon secretion is shown. 
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FIGURE 7-4. Diagram of islet microcirculation in large (left) and small (right) islets. B Cells are shown in the 
core of the islets and the a cells and other non-B cells are in the periphery. (Modified from Unger et al.) 


statin to the somatostatin receptor SSTR2 is responsible for this 
effect. Since (delta) cells in the islets secrete somatostatin, the 
somatostatin effect on glucagon secretion has generally been con- 
sidered part of the islet’s paracrine system. 

Argument against a paracrine effect is that the amount of so- 
matostatin in the venous effluent is much greater than the amount 
needed to maximally inhibit glucagon release. Thus, in order for 
the a cell to function properly, it must be shielded from the major- 
ity of somatostatin produced by the islet 8 cells. 

Insulin is a major regulator of glucagon secretion. Evidence 
for this regulation has been gathered from perfusion of rat islets 
with an insulin antibody to neutralize the insulin effects. Antibody 
perfusion results in a rapid increase in glucagon secretion.” The 
islet arrangement of the a and ß cells and islet microcirculation 
play a role in this regulation (Fig. 7-4). The B cells are located 
within the interior of the islet, whereas a cells and other non-B 
cells are located on the periphery. In the rat the afferent blood ves- 
sels enter the islet and pass through to the cortex where they branch 
to perfuse B cells. The effect of this arrangement is that œ cells are 
exposed to potentially high local concentrations of insulin released 
by B cells. The effect of insulin on glucagon secretion is possibly 
one of the most important controls imposed on the a cell. Abnor- 
malities in this control may contribute to the pathophysiology of 
diabetes by, for example, the increase in glucagon secretion that 
has been reported in cases where insulin secretion is impaired.“ 

Secretin and IGF-1 (insulin-like growth factor-1) are other hor- 
mones associated with a negative effect on glucagon secretion,” ®? 
whereas hormones associated with an increase in glucagon secre- 
tion include cortisol, oxytocin, vasopressin, growth hormone, and 
B-endorphin.”””! The effects of various agents on glucagon secre- 
tion are summarized in Table 7-1. 

One of the most powerful regulators of glucagon secretion is 
the plasma level of glucose. A fall in plasma glucose below eug- 
lycemia results in a rise in glucagon to protect against hypo- 


glycemia.” Much of this effect is believed to be secondary to the 


decrease in insulin that accompanies the fall in glucose and to au- 
tonomic changes associated with hypoglycemia.“ 

Amino acids also influence the secretion of glucagon, an effect 
that is observed in human subjects and in studies of perfused pan- 
creas.’* Except for branched-chain amino acids, glucagon secre- 
tion is stimulated by essentially all amino acids to varying de- 
grees.” Arginine is a potent stimulator that has been used to test 
a-cell function. However, less is known about the role of amino 
acids in glucagon release than the effects of other secretagogues. 
Because relatively high amino acid concentrations are needed to 
produce an effect on glucagon secretion, amino acids may not be 
important physiologic regulators of a-cell secretion.” There is 
some evidence, however, that preventing the decrease in plasma 


TABLE 7-1. Nonnutrient Agents That Regulate Glucagon 
Secretion 


Glucagon Secretion 


Increase Decrease 


Epinephrine Insulin 
Norepinephrine Somatostatin 
Acetylcholine GLP- | (in vivo) 
Galanin Secretin 

VIP IGF-1 
PACAP-27 

PACAP-38 

Gastrin 

CCK 

Cortisol 

Oxytocin 

Growth hormone 

B-Endorphin 
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amino acids during insulin-induced hypoglycemia enhances the 
glucagon response.’° 

Free fatty acids (FFA) are another fuel that can influence 
glucagon secretion. At high concentrations, FFA inhibits glucagon 
release while stimulating insulin secretion.” Further studies have 
shown that relatively small changes in FFA in the physiological 
range can influence the plasma level of glucagon.” However, it is 
generally believed that the role of glucose predominates over the 
role of FFA in the regulation of glucagon secretion.” 


THE GLUCAGON RECEPTOR AND 
GLUCAGON SIGNALING 


The action of glucagon begins with the binding of the hormone to a 
cell surface receptor. Following its cloning and sequencing, the re- 
ceptor was shown to be a G-protein-coupled receptor in the family 
of receptors that includes GLP-1, gastrointestinal peptide (GIP), 
secretin, PACAP, growth hormone releasing factor (GHF), calci- 
tonin, parathyroid hormone (PTH), and VIP.” The amino acid se- 
quence identity of the glucagon receptor to the other receptor 
members varies between 27% and 49%. 

The gene for the receptor is located on chromosome 17."° There 
is apparently only one gene that encodes the receptor and differen- 
tially spliced variants have not been identitied.*' Based on mRNA 
profiling of rat tissues, the glucagon receptor gene is expressed in 
liver, kidney, heart, adipose tissue, duodenum, stomach, and 
brain.*? Of these, the liver is recognized as the major site of expres- 
sion. Functional glucagon receptors have been identified in adipose 
tissue, kidney, pancreatic islets, brain, heart, and intestinal tract.” 

The cloned human glucagon receptor contains 477 amino acids. 
The third intracellular loop of the receptor that associates with G 
proteins is relatively short. The extracellular portion of the receptor 
that binds glucagon has been studied by making chimeric receptors 
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between sequences of glucagon and GLP-1 receptors.** The 
studies show that a portion of the amino terminal extracellular d 
main and the first and third extracellular loops are required f 
glucagon binding, whereas the third, fourth, and sixth transmer 
brane segments contribute to the specificity of the binding reactic 
for glucagon. From these findings it appears that most of the extr 
cellular portion of the glucagon receptor participates in bindir 
glucagon. Although the cell surface portions of the receptor are tł 
main binding determinants, glucagon binding can be inhibited t 
small molecules that act at nonsurface sites on the receptor 1 
perturb its structure." For example, small compounds that insert ; 
the transmembrane site, Leu 388, block glucagon binding and ir 
hibit glucagon action. These compounds have potential to tre< 
type 2 diabetic subjects by reducing the relative overstimulation c 
glucagon that is a factor in the excessive production of glucos 
found in this disease. 

The molecular events involved in glucagon action are shown ii 
Fig. 7-5. Following binding of glucagon, the glucagon receptor in 
teracts with a G-coupled protein to generate an increase in cyclic 
AMP through the adenylate cyclase system.*°*’ The finding tha 
GTP was required during glucagon stimulation of the cyclase sys- 
tem led to the important discovery that GTP-coupled proteins are 
needed to mediate the actions of seven transmembrane receptors."* 
The GTP-coupled protein that functionally links the glucagon re- 
ceptor to adenylate cyclase is Gs, a trimeric protein in its unstimu- 
lated state. The interaction of the glucagon receptor complex 
with Gs provokes the exchange of GDP in the nucleotide-binding 
site for GTP. The a-subunit of the Gs trimer is then liberated to in- 
teract with and activate adenylate cyclase to produce cyclic AMP 
from ATP.” Termination of this activation occurs with the slow 
hydrolysis of GTP to GDP by the GTPase activity inherent in the 
a-subunit.” 

A less studied signaling pathway for glucagon action is 
through an increase in Ca**.?' It is not clear if the increase in 
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FIGURE 7-5. Activation of the liver adenylate cyclase system by glucagon (Glu). Binding of glucagon to the 
glucagon receptor (GR) causes the exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP) 
in the a-subunit of the GTP-binding protein. This freed subunit activates adenylate cyclase (AC) to produce 
cyclic AMP from adenosine triphosphate (ATP). Cyclic AMP in turn activates protein kinase A (PKA) which 
phosphorylates enzymes that control glucose metabolism in the glycogenolytic. glycolysis, and gluconeogenesis 


pathways. 
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Ca** is secondary to the effects of glucagon on cyclic AMP levels 
or if it involves another signaling system. This second pathway 
may be the IP-3 system, which is coupled to Gxq or G11.” Re- 
gardless, the best-documented system for glucagon action is the 
activation of the adenylate cyclase system and an increase in cyclic 
AMP levels. 


METABOLIC EFFECTS OF GLUCAGON 


The action of cyclic AMP starts with its binding to regulatory sub- 
units of inactive protein kinase A (PKA). The binding activates the 
catalytic subunits by allowing them to dissociate from the regula- 
tory subunits that restrain catalytic activity.” The freed catalytic 
subunits migrate to target proteins and phosphorylate serine and 
threonine residues in specific amino acid motifs. The changes in 
the phosphorylation state of proteins is a well recognized regula- 
tory process for acutely modifying the activity and function of a 
large number of different proteins. 

Reversal of these effects includes the action of phosphodi- 
esterases that reduce the level of cyclic AMP through hydrolysis to 
AMP. This is reputedly the mechanism by which insulin inhibits 
the actions of glucagon in the liver cell (i.e., by activating a phos- 
phodiesterase to lower cyclic AMP levels). A second level of re- 
versal is the conversion of the phosphorylated protein to its non- 
phosphorylated form by the actions of protein phosphatases. 


GLUCAGON ACTION ON LIVER ENZYMES 


Glucagon is a major contributor to the regulation of liver en- 
zymes involved in glucose metabolism. This regulation is through 
elevations in cyclic AMP levels, although some effects of the hor- 
mone may be mediated through the Ca**, IP-3 system. Both sys- 
tems provide similar overall effects on liver glucose metabo- 
lism.” 

Among the metabolic systems controlled by cyclic AMP are 
glycogenolysis, glycolysis, and gluconeogenesis (Fig. 7-6). As illus- 
trated, the overall consequence of unimpeded glucagon stimulation 
is an increase in hepatic glucose production, resulting from elevated 
glycogen breakdown (glycogenolysis), an increase in the synthesis 
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FIGURE 7-6. Effects of glucagon on the metabolic pathways that produce 
an increase in hepatic glucose production. 


of glucose from gluconeogenic precursors (gluconeogenesis), and a 
decrease in the rate of glucose catabolism (glycolysis). Because three 
different pathways are involved, the changes induced by glucagon in 
each must be exquisitely coordinated. These changes can be divided 
into short-term and long-term. The short-term changes, which 
acutely alter the catalytic activities of key enzymes, are mediated by 
protein phosphorylation or by allosteric regulation. The long-term 
changes result from the regulation of gene expression for particular 
enzymes in the glycolytic and gluconeogeneic pathways. Both types 
of regulation are carried out by the cyclic AMP system and both play 
important roles in glucagon regulation of glucose metabolism. 


Glycogenolysis 


Glucagon’s effect on glycogenolysis is geared to provide a rapid 
increase in hepatic glucose production that counteracts dropping 
plasma glucose levels. The action of glucagon begins with an ele- 
vation in cyclic AMP, which activates protein kinase A, to set in 
motion the cascade shown in Fig. 7-7. The first step in glycogenol- 
ysis is the phosphorylation and consequent activation of phosphor- 
ylase b kinase. Active phosphorylase b kinase then catalyzes the 
phosphorylation of inactive phosphorylase b to generate its active 
form, phosphorylase a. This phosphorylation is on serine-14, 
which provides enough conformational change to activate the en- 
zyme.” Phosphorylase a cleaves glycogen at its nonreducing end 
to generate glucose- l-phosphate, which is available for energy pro- 
duction or for glucose formation. Since the activity of phosphory- 
lase a is the rate-limiting step in liver glycogenolysis, activation of 
phosphorylase regulates the amount of glucose generated from 
glycogen. A specific phosphatase converts the active a form back to 
the inactive phosphorylase 6 form. Insulin provides an important 
inhibitory action on this system by reducing the level of cyclic 
AMP through an increase in phosphodiesterase activity.” 


Glycolysis and Gluconeogensis 


These two pathways are mirror images of each other, but with 
important distinctions. Since both pathways have interlocking 
control systems, they will be discussed together. 

In order to increase hepatic glucose production, glucagon must 
inhibit glycolysis and increase gluconeogenesis. A key regulatory 
step acted on by glucagon that impacts both pathways is the modu- 
lation of the two separate catalytic activities mediated by the bi- 
functional enzyme 6-phosphofructose-2-kinase/fructose-2,6_bis- 
phosphatase (Fig. 7-8). The overall consequence of bifunctional 
enzyme activity is to regulate the level of fructose-2,6 bisphos- 
phate. This phosphorylated sugar has major effects on both glycol- 
ysis and gluconeogenesis through its acute allosteric regulation of 
two enzymes, 6-phosphofructose-1 kinase (glycolysis) and fruc- 
tose-1,6 bisphosphatase (gluconeogenesis). The overall effect is 
that a high level of fructose-2,6 bisphosphate stimulates glycolysis 
and a low level allows gluconeogenesis to proceed. 

As Fig. 7-8 shows, the bifunctional enzyme catalyzes two op- 
posing reactions, one of which (the kinase activity) forms fructose- 
2,6 bisphosphate from fructose-6 phosphate, and the second (the 
phosphatase activity) hydrolyzes the bisphosphate sugar back to 
fructose-6 phosphate. The net effect is determined by cyclic 
AMP-dependent phosphorylation of the enzyme.” °? When the bi- 
functional enzyme is phosphorylated, its phosphatase activity pre- 
dominates, which reduces the level of fructose-2,6 bisphosphate 
through its hydrolysis to fructose-6 phosphate. In contrast, in the 
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FIGURE 7-7. Steps in the cyclic AMP—mediated increase in glycogenolysis. 


FIGURE 7-8. Changes in glycolysis and gluconeogenesis induced by cyclic AMP. Cyclic AMP acting on the bi- 
functional enzyme 6-phosphofructose-2-kinase (F-6 kinase)/tructose-2.6 bisphosphatase (F-2,6 Pase) regulates 
the level of fructose-2.6 bisphosphate. The level of this phosphorylated sugar regulates the rates of glycolysis and 
gluconeogenesis as shown. Glucagon produces an increase in cyclic AMP and insulin produces a decrease in 
cyclic AMP. 
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presence of low cyclic AMP, the nonphosphorylated form of the 
enzyme dominates, and thus generates fructose-2,6 bisphosphate 
from fructose-6 phosphate. 

The key rate-controlling enzyme in glycolysis that is regulated 
by fructose-2,6 bisphosphate is 6-phosphofructose-1 kinase. Thus 
a decrease in fructose-2,6 bisphosphate from high cyclic AMP lev- 
els results in a decrease in 6-phosphofructose-| kinase activity and 
a corresponding decrease in glycolysis. When cyclic AMP levels 
are low, an increase in fructose-2,6 bisphosphate occurs with a con- 
sequent allosteric-mediated increase in 6-phosphofructose-1 kinase 
activity that promotes glycolysis. 

Gluconeogenesis is controlled by the enzymatic activity of 
fructose-1,6 bisphosphatase. In turn its activity is controlled by the 
level of fructose-2,6 bisphosphate, but in an opposite manner to 
glycolysis. Thus high levels of fructose-2,6 bisphosphate inhibit 
this enzyme and reduce the rate of gluconeogensis, whereas low 
levels allow the enzyme to act and thereby increase glucose pro- 
duction. Various physiologic states regulate glucose metabolism in 
liver through changes in fructose-2,6 bisphosphate. For example, in 
the fed state (low glucagon and high insulin), the levels of fructose- 
2,6 bisphosphate are increased, which increases glycolysis and in- 
hibits gluconeogensis. In contrast, a decrease in fructose-2,6 bis- 
phosphate occurs in the starved state (high glucagon and low 
insulin) or in poorly controlled diabetes, both of which result in an 
increase in gluconeogenesis and a decrease in glycolysis. 

Other processes also impact on the activities of these path- 
ways. For example, gluconeogenesis is increased by an elevation in 
the activity of pyruvate carboxylase that occurs during glucagon 
stimulation. This increase in activity is not mediated through 
changes in cyclic AMP or by other phosphorylation mechanisms. 
Glucagon may increase the activity at this step by accelerating 
pyruvate entry into mitochondria or through mechanisms that in- 
volve Ca** or other changes in mitochondrial systems.” 

Another regulatory point is pyruvate dehydrogenase (PDH), an 
enzyme complex that generates acetyl CoA in the mitochondria 
from pyruvate. The importance of this enzyme lies in its competi- 
tion for pyruvate with pyruvate carboxylase. When PDH activity 
predominates in this competition, gluconeogenesis is reduced. 
How glucagon regulates this system is unclear, but the hormone 
may decrease the activity of the Ca‘ *-sensitive PDH phos- 
phatase, °° which in tum will reduce PDH activity by trapping the 
enzyme in its phosphorylated form. 

A cytosolic enzyme, pyruvate kinase (L form), also influences 
the flow of carbon from glucose-6-phosphate to pyruvate. By 
contributing to the availability of pyruvate, this enzyme helps 
determine whether glucose is produced, or simply used as fuel 
during glycolysis. It is clear that the increase in cyclic AMP gen- 
erated by glucagon stimulation causes an inhibitory phosphoryla- 
tion of pyruvate kinase and reduces glycolysis.” This reduction 
allows phosphoenolpyruvate to be diverted to the gluconeogenic 
pathway. 


Long-Term Regulation 


The acute changes in enzyme activities are supplemented by 
longer-term changes in the levels of five important enzymes. How- 
ever, like the acute changes, the long-term changes from glucagon 
stimulation are mediated by changes in cyclic AMP levels.” De- 
pending on the pathway involved, the expression of the genes is ei- 
ther increased or decreased by elevated cyclic AMP. Three of the 
enzymes are in the glycolytic pathway and include glucokinase, 6- 


phosphofructose-1 kinase and pyruvate kinase. With glucagon ele- 
vation, the levels of all three enzymes are reduced, which provides 
an important means of sustaining the reduction in the glycolytic 
response. 

Two enzymes in the gluconeogenic pathway, phospho- 
enolpyruvate carboxykinase and fructose-1,6 bisphosphatase, are 
elevated through a cyclic AMP—mediated increase in the expression 
of their respective genes. This is an especially important mecha- 
nism to increase the activity of phosphoenolpyruvate carboxyki- 
nase, since the activity of this key enzyme is not regulated acutely 
by phosphorylation or allosteric mechanisms. 

In summary, the regulation of hepatic glucose metabolism by 
glucagon is complex because of the need to orchestrate the activi- 
ties of three different metabolic pathways. This orchestration re- 
sults in the production of glucose rather than its use to expand the 
glycogen depot or in the support of fatty acid synthesis. Acutely, 
hepatic glucose production is derived from the breakdown of 
glycogen, which begins to wane after 1-2 hours." With more 
chronic stimulation, hepatic glucose production is sustained by 
gluconeogenesis, which becomes the major source of glucose after 
an overnight fast. Acute and chronic regulatory mechanisms are 
used to provide these changes in glycolysis and gluconeogensis. 
Phosphorylation of key enzymes and allosteric controls are im- 
posed to achieve acute regulation while chronic regulation is 
achieved by changes in the expression of genes that code for key 
enzymes. 


GLUCAGON IN GLUCOREGULATION 
AND KETOGENESIS 


To further understand glucagon’s role in glucose regulation, it is 
necessary to understand its relationship with insulin. Specifically, 
insulin antagonizes the effects of glucagon on the liver by inhibit- 
ing the cyclic AMP system. An unopposed action of insulin on the 
liver results in a decrease in glycogenolysis, an increase in glycol- 
ysis with increases in glycogen and glucose-supported fatty acid 
synthesis, and a decrease in gluconeogenesis. Because of this an- 
tagonism, the ratio of glucagon to insulin is important since it es- 
tablishes the overall net effect. Thus when insulin is high and 
glucagon low (e.g., after a high carbohydrate meal), hepatic glu- 
cose production is low and glycogen and triglyceride production is 
high.” In contrast, in the postabsorptive state, glucagon predomi- 
nates over insulin to provide glucose and maintain euglycemia. For 
example, in the basal (fasting) state, 75% of the hepatic glucose 
production is dependent on glucagon action.'°2! 

Abnormalities in this ratio are especially important in diabetes. 
In type | diabetic subjects, low or absent insulin fails to balance the 
effects of glucagon, which when left unrestrained overstimulates 
the liver to produce excessive glucose and ketones. In contrast, 
type 2 diabetic subjects may have significant amounts of insulin, 
but the presence of insulin resistance contributes to a functional 
imbalance between the two hormones that supports inappropriate 
hepatic glucose production. 


Lipids 

Ketones are an energy source that does not depend on carbohydrate 
or protein metabolism to supply energy for the central nervous sys- 
tem during starvation.'“ Glucagon acting on the liver promotes 
ketogenesis by the fall in fructose-2,6 bisphosphate, which in turn 
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reduces the rate of lipogenesis. This reduction is followed by a 
reduction in malonyl CoA that inhibits carnitine palmitoy] trans- 
ferase-1, the enzyme that esterifies fatty acyl CoA to fatty acylcar- 
nitine.'°> This form of the fatty acid enters mitochondria and un- 
dergoes oxidation to ketones. These events occur in situations like 
diabetes or starvation in which insulin levels are very low and 
glucagon levels are high. An elevation in plasma free fatty acid lev- 
els occurs in such states, which provide enough substrate to 
generate large amounts of ketone bodies that can supply over half 
of the energy requirements of the brain. 


IN VIVO EFFECTS OF GLUCAGON 
IN ANIMALS AND MAN 


Glucose Production 


In the postabsorptive state (i.e., 5-14 hours after a meal) plasma 
glucose levels are stable and a normal human uses approximately 
1.8-2.6 mg glucose/kg/min. Approximately 60% of this is used by 
the brain and the rest by other tissues, including the formed ele- 
ments of the blood.” The liver is the major source of glucose in 
the postabsorptive state, with the kidneys contributing a minor 
component. '%-!9® 

Because the liver is the major source of glucose in the fasting 
state, fasting plasma glucose and hepatic glucose output are closely 
related. As discussed in detail above, glucagon regulates these 
processes through its regulation of gluconeogenesis and 
glycogenolysis (Fig. 7-9).'°°"''* Approximately 66% of the basal 
glucose output of the canine liver is dependent on glucagon.''* In 
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dogs, increasing plasma glucagon fourfold increases hepatic glu- 
cose output approximately fourfold. This effect is primarily due to 
an increase in glycogenolysis with no effect on gluconeogenesis 
(Fig. 7-10).''* 

The converse (i.e., the effect of selective glucagon deficiency 
with insulin held constant) is to decrease hepatic glucose output by 
70%, requiring glucose infusion to prevent hypoglycemia. This 
acute effect is due to a decrease in glycogenolysis with no effect of 
gluconeogenesis. The lack of effect on gluconeogenesis in both 
cases is at least partly due to the constant insulin infusion that lim- 
ited substrate supply to the liver (Fig. 7-11).''° 

The dose-response relationship between hepatic glucose out- 
put and hepatic sinusoidal glucagon is illustrated in Fig. 7-12.'1° 
This curve shows the sensitivity of hepatic glucose output to small, 
physiologic changes in glucagon. 

Studies in man largely confirm those in dogs. In overnight 
fasted humans, isolated glucagon suppression with serum glucose 
maintained at basal levels leads to suppression of hepatic glucose 
output of 71% in normal control subjects and 58% in patients with 
type 2 diabetes (Fig. 7-13).''© Under these conditions, even 
though gluconeogenesis accounts for 70% of hepatic glucose out- 
put,!!” glycogenolysis accounts for almost all of the increase in 
hepatic glucose output after an acute, physiologic increase in 
glucagon.''* The onset of glucagon action is rapid, with the one- 
half maximum activation and deactivation occurring in approxi- 
mately 4.0 minutes.''” 

In the postabsorptive period in man, suppression of glucagon 
secretion with somatostatin and replacement of insulin leads to a 
reduction of plasma glucose by ~33% and a reduction in hepatic 
glucose output of about 50%.'?? Hypoglycemia is prevented be- 


FIGURE 7-9. The relationship between hepatic glucose production and fasting plasma glucose in normal weight 
diabetic subjects (open circles) and in age- and weight-matched control subjects (closed circles). (Reproduced 


with permission from DeFronzo.”) 
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FIGURE 7-10. The ef- EFFECT OF A SELECTIVE INCREASE IN GLUCAGON 
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FIGURE 7-11. The effect of a selective decrease in glucagon on plasma glucose, hepatic glucose output, 
glycogenolysis (GLY). and gluconeogenesis (GNG). Conscious dogs were infused with somatostatin and portal 
vein insulin and glucagon at basal concentrations. In the control experiments (open symbols), insulin and 
glucagon were held constant. In the experimental group (closed symbols), no glucagon was infused and com- 
plete glucagon deficiency resulted. (Reproduced with permission from Cherrington.'"*) 
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FIGURE 7-12. The dose-response relationship between the liver sinusoidal glucagon level and net hepatic glu- 
cose output in overnight fasted dogs. (Reproduced with permission from Cherrington’) 


cause of an approximately eightfold increase in plasma epineph- 
rine. Similar results are observed with fasting plus somatostatin 
with insulin replacement.!?' 

The ability of glucagon to maintain increased glucose produc- 
tion through its glycogenic action only lasts for approximately 2 
hours in normal dogs'*? and humans.'** In man, as in dogs, the 
large majority of glucose production in this time period is from 
glycogenolysis. Higher glucagon levels over a longer period in- 
crease gluconeogenesis.'** Several mechanisms have been postu- 
lated for the waning effect of glucagon after 2 hours, including the 
suppressive effect of the increase in plasma glucose, an increase in 
plasma insulin levels induced by the hyperglycemia, a depletion of 
liver glycogen, and intrahepatic regulation. While all may be im- 
portant, the waning of glucose output is seen in studies in which 
glucose and insulin are fixed.'* In addition. while glycogen is 
clearly not depleted, the role of a 25-36% decrease in glycogen 
stores on glycogenolysis is unknown.'!*!'8 

In contrast to the waning effect on glycogenolysis, the effect 
of glucagon on gluconeogenesis persists and increases in impor- 
tance with time (Fig. 7-14).'’°'?? This may explain the proposed 
role for hyperglucagonemia in the sustained hyperglycemia of di- 
abetes.!'® Another factor may be the pulsatile release of glucagon 
and insulin. Under conditions of episodic release, the effects of 
glucagon on hepatic glucose production are sustained'**-""! and 
the ketogenic effects of glucagon also persist." 

Following a meal when glucose is being absorbed from the in- 
testine, there is little need for the liver to release glucose. It is there- 
fore not surprising that in normal humans glucagon is suppressed 
in the postprandial state. '**-!° This is likely due to the effect of hy- 
perglycemia and hyperinsulinemia, both of which are known to 
suppress glucagon secretion.''® The complete suppression of he- 


patic glucose output occurs within 30 minutes of a meal, with a 
steady increase from 1—4 hours after the meal that mirrors the 
plasma glucagon:insulin ratio.“ 

Importantly, glucagon is not suppressed by carbohydrate in- 
gestion in patients with diabetes.'*”"'”° This lack of suppression of 
glucagon results in higher postprandial glucose due to higher rates 
of hepatic glucose release." The hyperglucagonemia of diabetes 
thus contributes to hyperglycemia in both the fasting and postpran- 
dial states. 


COORDINATE CONTROL OF GLUCOSE AND 
LIPID METABOLISM BY GLUCAGON, 
INSULIN, AND GLUCOSE 


Glucose Production 


The ratio of insulin to glucagon and the glucose level in the portal 
circulation all contribute to the control of hepatic glucose out- 
put.'!*:'37-4! While the effects of insulin on the liver are due to both 
direct effects on glycogenolysis and gluconeogenesis and indirect 
eftects on glycolysis and gluconeogenesis from the inhibition of 
peripheral lipolysis.'’* the effects of glucagon on the liver are al- 
most exclusively direct. Recently an effect of glucagon on lipolysis 
in human adipocytes was demonstrated,'*? but the importance of 
this effect of glucagon in vivo is controversial.'*? In humans, hy- 
perglycemia itself inhibits hepatic glucose output primarily by in- 
hibiting glycogen phosphorylase, while insulin primarily stimu- 
lates glycogen synthase and enhances glycogen cycling.'“* With 
insulin held constant at basal levels and glucose elevated, suppres- 
sion of glucagon leads to a marked decrease in glycogen turnover, 
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FIGURE 7-13. The effects of somatostatin with insulin replaced and glucose held constant at the fasting level (se- 
lective glucagon deficiency) on hepatic glucose output (HGO) in control subjects (left panels) and patients with 


type 2 diabetes (right panels). (Reproduced with permission from Baron et a 


a fivefold increase in glycogen synthesis. and a decrease in the con- 
tribution of gluconeogenesis to glycogen synthesis." This sup- 
ports the important antagonist roles of glucagon and insulin. 


Ketogenesis 


Ketogenesis is also stimulated by glucagon. Ketogenesis depends 
on the free fatty acids delivered to the liver and the “ketogenic set” 
of the liver as determined by the glucagon:insulin ratio. A high 
glucagon:insulin ratio reduces acetyl CoA carboxylase activity 
and the intracellular concentration of malonyl CoA. This reduces 
fatty acid synthesis and stimulates ketogenesis by increasing the 
activity of carnitine acyltransferase. (Fig. 7-15). The enhanced 
carnitine acyltransferase activity seen in ketotic animals was 
shown to be from an increase in carnitine acyltransferase I activ- 


1,46 


) 


ity.'“° In patients with type 1 diabetes, somatostatin infusion dur- 
ing insulin withdrawal markedly attenuated the appearance of hy- 
perglycemia and ketoacidosis (Fig. 7-16).'*7 Alanine levels rose 
dramatically in the presence of somatostatin, most likely because 
gluconeogenesis is inhibited. These data suggest that over the time 
period of the study, glucagon is necessary for the appearance of 
severe hyperglycemia and ketoacidosis. Similar studies have been 
performed following the withdrawal of continuous subcutaneous 
insulin infusions with and without somatostatin.'**'*? In dogs, in 
the absence of glucagon, somatostatin-induced hypoinsulinemia 
fails to cause hyperglycemia. Dogs given somatostatin plus 
glucagon to restore glucagon levels to normal become hyper- 
glycemic.''' In alloxan diabetic dogs, somatostatin reduces glu- 
cose levels by ~200 mg/100 mL in the absence of exogenous in- 
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FIGURE 7-15. The biochemical basis for 
insulin-glucagon interactions on fuel me- 
tabolism in the liver. Glucagon increases 
and insulin decreases cyclic AMP in the 
liver. This leads to both direct and indirect 


phosphorylase b, 


lycogen synthase o 
effects on enzymes that control agen 3 z ; 
glycogenolysis and glycogenesis, gluco- it GLYCOGENOLYSIS it GLYCOGENOLYSIS F. aaoo 
neogenesis, lipid synthesis, and ketogene- 7 
sis. Glycogen synthesis and glycogenoly- ] 
sis are controlled directly by cyclic 
AMP-mediated phosphorylation and i SLUcosE 
dephosphorylation of glycogen synthase : IS- 
and glycogen phosphorylase. In addition. FATTY ACYL CoA i 13 CARBON 
approximately 50% of the carbon incorpo- aS A 
tated into glycogen comes from new glu- 
cose synthesis via gluconeogenesis.'™ Da 
The relative Aux of carbon into oxidative 
pathways (i.e., glycolysis vs. glucose pro- T NON- ESTERIFIED = ———— ` 
duction), is determined by the intracellular FATTY ACIDS t KETONES 


concentration of {ructose-2.6 bisphos- 
phate.” Glucagon decreases and insulin 
increases fructose-2,6 bisphosphate. Glu- INSULIN 
coneogenesis is also regulated by tran- 4 

scriptional regulation of rate-limiting en- 
zymes in gluconeogenesis. Glucagon 


increases the transcription of phospho- phos p i : 4 SAMP—DEPENDE 
enolpyruvate carboxykinase (PEPCK) and ory PROTEIN KINAS 
insulin decreases it. Glucagon and insulin 

also regulate lipolysis and lipid synthesis LY NO SIS @ dephospirorylation of: 
through cyclic AMP. The level of malonyl F-6-P,2-kinase-F-2,6-Pase 


CoA formed during lipogenesis in turn in- 
hibits carnitine palmitoyl transferase 1 
(CPT-1). which is the rate-limiting en- 
zyme for the transport of fatty acids into 
mitochondria for oxidation.'"® Thus in the 
presence of insulin, lipid synthesis is en- ! racanton 
hanced and lipid oxidation is inhibited. H - 

(with permission from Unger RH, Foster 
DW: DIABETES MELLITUS In: Wilson 
JD, Foster DW, Kronenberg HM, Larsen 


PR, Williams Textbook of Endocrinology. 4 NON-ESTERIFIED 
6th ed. Saunders: 1998; 1004.) FATTY ACIDS 
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Glucagon levels are increased throughout the day in poorly con- 
trolled patients with type 1 and type 2 diabetes.'*°'** The magni- 
tude of increase is the same in obese and nonobese type 2 diabetics 
(Fig. 7-17).'>! Glucagon levels are grossly elevated in patients with 
ketoacidosis,'*” hyperosmolar coma,'** and poorly controlled dia- 
betes.'** Good control of diabetes with insulin restores plasma 
glucagon levels to normal.'**'* In animals. restoration of eu- 
glycemia with phlorhizin normalized the suppression of glucagon 
by glucose.'*’ The hyperglucagonemia of diabetes likely results 
from both the lack of insulin suppression of glucagon secretion in 
the islet and the effect of chronic hyperglycemia which, through 
unknown mechanisms, leads to desensitization of the a cells to 
glucose suppression of glucagon secretion.'** Patients with total 
pancreatectomy have decreased levels of gluconeogenesis and in- 
creased plasma gluconeogenic amino acids.'** 

Patients with glucagon-producing islet cell tumors or glucago- 
nomas have diabetes (67%) or impaired glucose tolerance (23%), 
necrolytic migratory erythema and stomatitis (64%), weight loss 


FIGURE 7-16. The effect of somatostatin on 
plasma B-hydroxybutyrate (B-OH Butyrate), 
glucose, and glucagon levels after acute with- 
drawal of insulin in 7 patients with type | dia- 
betes. (Reproduced with permission from 
Gerich et al.'*”) 


(56%), and anemia (44%).'*°-'®! Patients often have low levels of 
gluconeogenic amino acids (26%), which is most likely responsible 
for the rash.!® The severity of the diabetes is variable, which may be 
at least partly due to the differential ability to mount an insulin re- 
sponse to the glucagon-induced increase in hepatic glucose output. 163 

As mentioned above, the importance of glucagon in the hyper- 
glycemia of patients with diabetes is at least partially shown by the 
suppression of glucagon. This leads to a 58% decrease in hepatic 
glucose output''® in patients with type 2 diabetes, and normalizes 
glucose in patients with type 1 diabetes.“ Failure of glucagon 
suppression also contributes to postprandial hyperglycemia in pa- 
tients with type 2 diabetes.'"° 


Glucagon Deficiency 


Mice with the glucagon receptor gene removed by homologous re- 
combination have glucose levels in the fed and fasted state that are 
reduced by approximately 20 mg/dL below control animals [un- 
published observations]. These knockout animals also have normal 
liver glycogen levels, elevated levels of gluconeogenic amino acids 
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FIGURE 7-17. Mean plasma glucagon concentrations in obese individuals 
with normal glucose tolerance (open circles) and obese individuals with 
type 2 diabetes (closed circles). Meals were consumed at 0800 hours and at 
noon. (Reproduced with permission from Reaven et al.) 
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and cholesterol, very high plasma glucagon levels, and normal in- 
sulin levels, body weight, fertility, life span and gross pathology. 
These findings argue that glucagon action is not necessary for sur- 
vival and reproduction. While not specifically measured, it is likely 
that severe hypoglycemia is prevented by other counterregulatory 
hormones. Previous reports of severe hypoglycemia due to 
glucagon deficiency are likely due to other confounding factors. 

A glucagon receptor antagonist given to humans has been 
shown to decrease the glucose response to a glucagon infusion. Six- 


FIGURE 7-18. Idealized plasma glucose 
curves during insulin-induced hypo- 
glycemia in normal subjects during con- 
trol studies (solid lines) and as modified 
(dashed lines) by: (A) somatostatin infu- 
sion; (B) somatostatin plus growth hor- 
mone infusion; (C) somatostatin plus 
glucagon infusion; (D) phentolamine 
plus propranolol infusion or studies in 
patients with bilateral adrenalectomy; 
(E) somatostatin plus phentolamine and 
propranolol infusion; and (F) somato- 
statin infusion in bilaterally adrenalec- 
tomized patients. 
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teen normal volunteers were infused with somatostatin and replace- 
ment insulin in the absence or presence of hyperglucagonemia. 
Glucose production increased twofold in the presence of glucagon 
and this effect was completely blocked by the glucagon antago- 
nist.’ While it is possible that glucagon receptor antagonists may 
prove useful in the treatment of type 2 diabetes, additional studies 
in humans will be necessary to substantiate this utility. 


Hypoglycemia 


Glucagon plays a primary role in the prevention and correction of 
hypoglycemia along with epinephrine, growth hormone, cortisol, 
and in normal individuals, the suppression of insulin (Fig. 7-18). 
The primacy of glucagon in the prevention of hypoglycemia has 
been shown during a fast and during exercise in humans. '*®'® In 
addition, glucagon deficiency leads to a 30% reduction in the nadir 
plasma glucose concentration following a 75-gram oral glucose 
tolerance test.'”” Adrenergic blockade and epinephrine deficiency 
had no effect. Combined glucagon and epinephrine deficiency led 
to hypoglycemia, with nadir glucose values ~30% lower than 
glucagon deficiency alone. 

Studies of glucose counterregulation from insulin-induced hy- 
poglycemia indicate that glucagon deficiency alone reduces the re- 
covery from hypoglycemia by approximately 40%, while isolated 
growth hormone or epinephrine deficiency or a- and B-adrenergic 
blockade have little effect. In the absence of glucagon, however, 
epinephrine deficiency leads to profound impairment of recovery 
from hypoglycemia.'”! In normal volunteers!” and in type 1 dia- 
betic patients, the glucagon response to hypoglycemia is sup- 
pressed by high concentrations of insulin within the physiologic 
range.'”* Thus, at the site of the liver, increases in plasma glucagon 
along with decreases in plasma insulin are the primary mechanisms 
for maintenance of normal plasma glucose. In the absence of 
glucagon or in the presence of nonsuppressed insulin (i.e., insulin- 
induced hypoglycemia), catecholamines become primary. 
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In summary, the secretion of glucagon and insulin are coordi- 


nately regulated and their metabolic effects provide a coordinate reg- 
ulation of hepatic glucose, amino acid, and lipid metabolism. While 
insulin’s effects are on both the liver and the periphery, glucagon’s 
metabolic effects are exclusively on the liver. These effects occur 
through cyclic AMP-—mediated events to enhance glycogenolysis, 
gluconeogenesis, and ketogenesis. The importance of glucagon inthe 
regulation of fasting and postprandial glucose as well as ketogenesis 
in normal and diabetic humans is well documented. Future efforts 
will focus on the role of inhibiting glucagon secretion or glucagon ac- 
tion in the treatment of patients with both type 2 and type 1 diabetes. 
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INTRODUCTION 


The human brain is an extremely active metabolic organ. Despite 
making up only 2% of adult body weight, it receives about 800 
mL/min (15%) of the cardiac output and consumes approximately 
50 mL/min of oxygen, representing 20% of the body’s resting glu- 
cose consumption. Although early measurements may have under- 
estimated the glycogen content of brain tissue, the energy stored as 
glycogen is only sufficient to fuel the brain for a few minutes if it 
were the sole energy supply.’ The central nervous system (CNS) is 
thus largely dependent on circulating glucose as its predominant 
source of energy, with cognitive performance becoming impaired 
during moderate hypoglycemia. If the blood glucose falls low 
enough, coma or even permanent brain injury or death may eventu- 
ally occur.” 

In contrast to most tissues of the body, brain parenchyma is 
separated from the bloodstream by the endothelial blood-brain 
barrier. In order to reach and fuel neurons, glucose from the blood- 
stream must traverse luminal and abluminal membranes of en- 
dothelial cells and possibly also through astrocyte foot processes to 
enter the extracellular fluid (ECF) of the brain. Although there is 
some simple nonsaturable diffusion of glucose across the blood- 
brain barrier, most transport across these membranes is effected by 
the facilitative glucose transporter GLUT-1 (Fig. 8-1). GLUT-1 is 
also referred to as the red blood cell transporter, and in contrast to 
GLUT-4 is insensitive to the actions of insulin. GLUT-1 exists in 
both glycosylated (55 kd) and nonglycosylated (45 kd) forms in the 
CNS in the endothelium and astrocytic compartments, respectively, 
although the functional significance of these differences is uncer- 
tain. Glucose in the brain ECF may then enter into neurons by the 
facilitative transporter GLUT-3. 

Glucose levels in brain are lower than in plasma, suggesting 
that the blood-brain barrier limits the supply of glucose for the 
central nervous system, with most estimates of ECF glucose being 
between 20% and 30% of plasma values. CSF glucose values are 
higher than in ECF, with typical values being 50-70% of plasma 
glucose. 

Although the main fuel supply for brain tissue is undoubtedly 
glucose originating from the bloodstream, there is increasing evi- 
dence that neurons may be able to metabolize nonglucose fuels. A 


number of alternate substrates may support neuronal metabolism in 
brain slice studies in which the blood-brain barrier is absent. Dur- 
ing in vivo human studies, lactate and the ketone B-hydroxybu- 
tyrate have been demonstrated to support, at least in part, brain me- 
tabolism and cognitive functioning during hypoglycemia.*> For 
some of these substrates, the physiological relevance of their me- 
tabolism by brain tissue is questionable. However, lactate appears 
to be a genuine brain fuel, with some in vitro studies even suggest- 
ing that lactate may be preferred over glucose by neurons.° In con- 
trast to glucose, lactate levels in the brain ECF are higher than 
plasma lactate values (suggesting that lactate is synthesized lo- 
cally) and brain ECF glucose values.’ The significance of glycogen 
stores in astrocytes is uncertain. One possibility is that astrocytic 
glycogen stores act as a buffer against a sudden rise in neuronal en- 
ergy requirements during local brain activation, but with lactate 
rather than glucose being released. Whatever the exact metabolic 
pathways involved in fueling neurons, it seems likely that astro- 
cytic and neuronal metabolism are coupled. It is important to em- 
phasize, however, that regardless of the exact pathway(s) involved 
within the CNS, glucose from the bloodstream is the predominant 
source of energy to support neuronal metabolism and function. 
The main energy-consuming activities of the CNS are biosyn- 
thesis and transport—mostly of ions and neurotransmitters. In par- 
ticular, an important energy-requiring activity is the clearance of 
Neurotransmitters such as glutamate from the ECF. Glutamate is 
the main excitatory neurotransmitter in the CNS but may produce 
brain toxicity if extracellular levels are high and/or sustained. A 
glutamate-glutamine cycle exists so that glutamate released from 
neurons is rapidly taken up by astrocytes and subsequently con- 
verted to glutamine. The uptake of glutamate is driven by the cell 
membrane sodium-potassium pump (Na* ,K*-ATPase), a process 
dependent on ATP derived from glucose. The glutamine produced 
in astrocytes is then transported back into neurons for conversion 
into glutamate and storage in secretory vesicles for subsequent re- 
lease.* Thus the glutamate-glutamine cycle requires a sufficient 
supply of glucose to maintain astrocytic functioning and this ap- 
pears to be associated with anaerobic glycolysis and release of lac- 
tate from glia. During profound hypoglycemia, the lack of energy 
for these homeostatic mechanisms may result in rises in glutamate 
and aspartate in brain interstitial fluid. These excitotoxins act on 
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FIGURE 8-1. Glucose transport from vascular lumen to neurons involves 


the facilitative glucose transporters GLUT-1 and GLUT-3 in endothelium/ 
glial cells and neurons, respectively. (Reproduced from Borg et al.”°) 


specific receptors such as the NMDA glutamate receptor to trigger 
further downstream effects that may eventually result in brain dam- 
age by cell apoptosis or necrosis. It is unclear whether the more 
moderate hypoglycemia seen during the day-to-day management 
of diabetes causes a similar perturbation of excitatory neurotrans- 
mitters. Indeed, it is possible that milder degrees of hypoglycemia 
are accompanied by an adaptive reduction in neurotransmission 
that would protect the brain against excessive accumulation of ex- 
citotoxins at the expense of impaired function. 

The central nervous system has a key regulatory role in glu- 
cose homeostasis. In particular, the brain is important in initiating 
and coordinating protective counterregulatory responses in the 
face of a falling blood glucose. This role is probably a conse- 
quence of the central nervous system’s metabolic dependence on 
glucose so the brain will tend to protect its own fuel supply. In 
health, blood glucose is normally maintained within a relatively 
narrow range. A number of rare medical conditions such as in- 
sulin-secreting tumors of the pancreas may overcome or suppress 
these defenses and cause hypoglycemia, but by far the most sig- 
nificant cause of hypoglycemia in clinical practice is the treatment 
of diabetes with insulin or insulin secretagogues. As described 
later in this chapter, the risk of hypoglycemia in diabetes may be 
further increased by defects in the defensive counterregulatory re- 
sponses triggered by the central nervous system in response to a 
low glucose concentration (See Chapter 31). 


ROLE OF THE CNS IN THE RESPONSE 
TO HYPOGLYCEMIA 


Counterregulatory Defenses 
Against Hypoglycemia 


A hierarchy of defensive counterregulatory neurohumoral respon- 
ses is triggered by a fall in blood glucose. The cessation of insulin 
secretion from the healthy pancreas is an important early step in 
nondiabetic subjects,” and the subsequent release of the hormone 
glucagon acts in concert with the fall in insulin to increase glucose 
production by the liver.” The precise mechanisms responsible for 
the activation of glucagon release from pancreatic œ cells is 


not clear, but they may be dependent on both local pancreatic 
detection of hypoglycemia and on central brain-dependent control 
via pancreatic innervation, as well as stimulation of circulating 
catecholamines. 

Increased glucagon and decreased insulin release in response 
to a falling blood glucose are a potent combination that will tend to 
rapidly restore normal blood glucose levels in healthy subjects. 
Other counterregulatory neurohumoral changes also occur during 
hypoglycemia. In particular, the catecholamines epinephrine and 
(to a lesser extent) norepinephrine are released from the adrenal 
medulla under the control of preganglionic sympathetic neurons. In 
addition to this direct release of norepinephrine from the adrenal 
medulla, norepinephrine also appears in the bloodstream as a con- 
sequence of the increase in autonomic sympathetic outflow to other 
target tissues, resulting in some spillover from synapses into the 
circulation. In general, catecholamines, both in the circulation and 
by direct neural innervation, will act quickly to decrease glucose 
uptake into peripheral tissues and increase endogenous glucose 
output (from liver and perhaps also kidney) both directly and indi- 
rectly by increasing the supply of gluconeogenic precursors and 
free fatty acids from muscle and adipose tissue." 

Cortisol also rises during hypoglycemia, probably via a se- 
quence of events involving activation of parvocellular neurons in 
the hypothalamic paraventricular nucleus, subsequent release of 
CRH from projections of these neurons in the median eminence, 
and subsequent ACTH release from corticotroph cells in the ante- 
tior pituitary. Growth hormone is released from the anterior pitu- 
itary during hypoglycemia, mainly as a result of changes in releas- 
ing factors from hypothalamic areas (i.e., GHRH) and/or a fall in 
inhibitory factors such as somatostatin. Cortisol and growth hor- 
mone exert a number of both direct and indirect effects to decrease 
glucose uptake into peripheral tissues and to promote endogenous 
glucose production. '™!"? However, these changes take time to occur, 
and therefore their actions are important when hypoglycemia is 
sustained. A number of other neuroendocrine changes also occur 
during hypoglycemia, such as increased endorphin and vasopressin 
release, although the significance of these is unclear. 

These neurohumoral responses will tend to diminish, prevent, 
or correct a falling blood glucose by direct metabolic effects to 
antagonize the effects of insulin. These metabolic defense systems 
are complemented by the generation of symptoms—both those be- 
lieved to be associated directly with the neurohumoral responses 
(such as heart palpitations from increased adrenergic drive and 
sweating linked to activation of cholinergic sympathetic fibers) and 
those resulting from brain neuroglycopenia such as behavioral 
changes. In patients with diabetes who have been suitably edu- 
cated, these symptoms may warn of impending hypoglycemia and 
allow appropriate actions to correct blood glucose that depend on 
cognitive areas of the brain being able to function sufficiently to do 
what is necessary. Clearly, if blood glucose has fallen too low, 
these cognitive areas may not function sufficiently to effect rescue 
of blood glucose and severe hypoglycemia requiring third-party 
rescue may occur. 

One symptom worthy of special mention is hunger, which not 
only warns of low glucose, but will also provoke eating to aid cor- 
rection of blood glucose. The exact mechanisms by which hunger 
is generated during hypoglycemia are unknown, but it is worthy of 
note that many of the areas of the brain thought to be involved in 
glucose homeostasis, such as the ventromedial and lateral hypo- 
thalamic areas, are also thought to be important in control of ap- 
petite and satiety. 


Chapter 8 


Sensing of Hypoglycemia 


In order for the above protective responses to occur, the body must 
first detect hypoglycemia. The exact site or sites at which a low 
glucose level is detected and which of these sites, if any, is domi- 
nant remains controversial. However, considerable evidence sug- 
gests that brain areas play a critical role in sensing low blood 
glucose. 

Outside the brain, pancreatic glucose sensing is important in 
nondiabetic subjects for triggering the cessation of insulin release, 
and this in turn is probably the dominant influence resulting in in- 
creased glucagon release during hypoglycemia. It is noteworthy in 
this regard that intraislet blood flow occurs to a large extent from 
the B-cell-rich core out into the periphery, the predominant loca- 
tion of a cells. Glucose-sensing mechanisms are undoubtedly pres- 
ent in the liver and/or portal vein, although the exact role that these 
areas may play in the generation of counterregulatory defenses 
against hypoglycemia is unclear. In support of a role for sensors in 
the hepatic area, adrenomedullary responses to (but not glucose re- 
covery from) hypoglycemia were blunted by hepatic denervation in 
dogs.'* Similarly, adrenomedullary responses to a systemic hypo- 
glycemic challenge were blunted when portal vein (and liver) glu- 
cose levels were maintained by selective portal glucose infusion, '* 
although it is possible that the arterioportal glucose gradient cre- 
ated might have acted as a feeding signal’® to suppress counterreg- 
ulatory responses to hypoglycemia,’ as we will describe more 
fully later in this chapter. 

In contrast, other work has suggested that hepatic/portal glu- 
cose sensors play a minimal role in sensing hypoglycemia. Studies 
in dogs in which the vagal nerve was cooled to reduce hepatic af- 
ferent neural transmission, or in human recipients of liver trans- 
plants with resulting hepatic denervation, showed no impairment 
of counterregulatory hormonal responses to hypoglycemia.'*! 
Furthermore, oral ingestion of glucose augmented rather than sup- 
pressed counterregulatory responses to a controlled hypoglycemic 
challenge in healthy male subjects, suggesting that portal glucose 
sensors had little role in sensing hypoglycemia.” In summary, the 
contribution of hepatic sensors to counterregulatory responses to 
hypoglycemia remains unclear. Even if liver or portal vein areas 
have a significant role in detecting hypoglycemia, it seems likely 
that these sensors act via coordinating CNS areas to trigger distal 
counterregulatory responses. 

Much of the investigation of brain hypoglycemia sensing has 
employed either local delivery of nonmetabolizable glucose ana- 
logues to create local glucopenia (or the converse strategy of main- 
taining glucose levels within candidate sensing areas) or lesioning 
studies. Biggers and associates’ used arterial catheterization of ca- 
nine carotid and vertebral arteries to create a model in which brain 
glucose levels could be selectively maintained at euglycemia in the 
presence of systemic hypoglycemia. When brain glucose levels 
were maintained euglycemic, counterregulatory responses (cate- 
cholamines, cortisol, pancreatic polypeptide, and glucagon) were 
attenuated, suggesting that the predominant hypoglycemia sensor 
lay within the cerebral circulation. Subsequent selective infusion of 
either vertebral or carotid arteries suggested that both circulations 
contributed to the sensing area(s).”" 

The exact areas involved in CNS hypoglycemia sensing remain 
a source of debate. Studies by Borg and colleagues**”° suggest 
that the ventromedial hypothalamus (VMH) is an important area. 
Lesioning of rat VMH reduced counterregulatory responses to a 
systemic hypoglycemic challenge.™ Subsequent studies used mi- 
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crodialysis techniques to deliver substrates directly into the hypo- 
thalamus, with counterregulatory responses being triggered by 
local VMH perfusion of the nonmetabolizable glucose analogue 2- 
deoxyglucose, or attenuated by VMH delivery of glucose during 
systemic hypoglycemia (Fig. 8-2). As described below, a num- 
ber of groups have identified and characterized neurons that re- 
spond to changes in blood glucose in the ventromedial (and lateral) 
hypothalamus. 

In contrast. a number of studies have suggested that sensing 
areas around the brain stem may be predominant. Delivery of the 
antimetabolic glucose analogue 5-thioglucose (STG) into the 
fourth ventricle was more effective in eliciting feeding and hyper- 
glycemic responses than lateral ventricle injection. Acute blockade 
of the cerebral aqueduct abolished responses to injection of 5TG 
into the lateral ventricles, but injection into the fourth ventricle did 
not.” Using direct microinjection of 5TG into the brain 
parenchyma, a number of brain sites around the fourth ventricle 
were identified that triggered feeding and/or hyperglycemic re- 
sponses. In contrast, a number of candidate hypothalamic areas 
showed no response to local delivery of 5TG.” Analogous to the 
hypothalamus, neurons with the ability to increase or decrease ac- 
tivity in response to changes in ambient glucose have also been 
identified in brain stem areas such as the nucleus tractus solitarius 
and area postrema.”” 

Despite the controversy about the relative importance of the 
different hypoglycemia sensing sites, it seems most likely that a re- 
dundancy of hypoglycemia sensors exists. A number of different 
sensing areas, both within the brain and possibly outside the CNS, 
are capable of detecting a low glucose and contributing to counter- 
regulatory responses. Counterregulatory responses to systemic hy- 
poglycemia may represent a coordinated response to complemen- 
tary information from a number of different sensors. 


Mechanisms of Brain Hypoglycemia Sensing 


Although the exact mechanisms utilized by the CNS to detect low 
glucose remain to be defined, it seems to be a fall in cerebral 
metabolism that triggers counterregulatory responses. Studies 


FIGURE 8-2. Delivery by microdialysis of D-glucose (but not nonmetabo- 
lizable L-glucose) into the ventromedial hypothalamus in rats,” obtunded 
counterregulatory responses to a systemic hypoglycemic challenge, sug- 
gesting that it is a fall in glucose levels in this area of the brain that initiates 
counterregulatory responses. 
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described earlier in the chapter examined the effects of infusion of 
the nonglucose substrates lactate or B-hydroxybutyrate during hy- 
poglycemia. Counterregulatory responses were attenuated when 
blood glucose was lowered in the presence of elevated levels of ei- 
ther of these substrates, both capable of fueling brain areas. These 
studies suggest that it is a fall in cerebral metabolism in specialized 
brain areas that is the signal initiating counterregulatory responses, 
rather than a fall in glucose per se. In keeping with this view, local 
delivery of lactate into the VMH region was also sufficient to blunt 
counterregulatory hormone release during hypoglycemia. 

Changes in CNS metabolism are probably detected by special- 
ized neurons that have the ability to alter activity as ambient glu- 
cose levels change. The activity of most neurons is unaffected by 
changes in glucose, unless levels fall too low or so high as to cause 
a generalized metabolic decompensation. However, it has long 
been recognized that a subset of neurons from certain brain areas is 
capable of altering activity in response to changes in ambient glu- 
cose levels. Oomura and associates” first described glucose- 
responsive neurons in the VMH that increased activity in response 
to arise in glucose, and another subset of neurons in the lateral hy- 
pothalamus that were inhibited by a rise in glucose. Although these 
neurons were initially referred to as GR (for glucose responsive) 
and GS (for glucose sensitive), respectively, the acronyms are not 
consistently used, with GS being used to describe generic glucose- 
sensing neurons, for example. More recently GR and GS neurons 
have been described in both hypothalamic and brain stem areas 
such as the area postrema and the nearby nucleus tractus solitar- 
ius.?! Silver and Erecinska ” reported that 30% of lateral hypothal- 
amic neurons responded to changes in glucose. A rise in glucose 
inhibited activity in neurons termed types 1, 2, and 3, depending on 
the sensitivity to glucose, or increased activity in neurons labeled 
as type 4. Similarly, 40% of VMH neurons behaved like type 4 neu- 
rons, with an increase in activity with a rise in glucose levels.” 

Further work is needed to determine how the metabolic signal 
of low glucose is transformed into neuronal electrical activity. One 
intriguing possibility is that some of the mechanisms utilized by 
glucose-sensing ß cells of the pancreas may be used in brain hypo- 
glycemia-sensing areas. For example, in the classic pathway of 
B-cell glucose sensing, specialized cell surface potassium channels 
(potassium ATP channels) allow the changes in energy supply as 
ATP to be converted into alterations in cell membrane polarization. 
Similar potassium ATP channels as well as glucokinase have been 
detected in glucose-sensing neurons from both the ventromedial 
hypothalamus” and brain stem glucose-sensing areas.“ 

Information about changes in blood and brain glucose levels 
may allow the central nervous system to contribute to a number of 
different homeostatic functions such as central control of endoge- 
nous glucose production, insulin secretion, and appetite/feeding 
pathways. Sensing of hypoglycemia may thus represent one end of 
a continuum of nutritional signaling, with sensory information 
from both GR and GS neurons and perhaps also peripheral glucose 
sensors being processed to allow a coordinated response to a 
threatened fuel supply. 


Defective CNS Defenses Against 
Hypoglycemia in Diabetes 


As described above, the CNS has a critical role to play in defending 
against hypoglycemia and thus protecting its own fuel supply. In 
diabetes, a number of defenses may be altered, both within and out- 
side the CNS, leading to an increased risk of severe hypoglycemia. 


Diabetic patients treated with insulin or insulin secretagogues are 
unable to reduce insulin release into blood in response to a falling 
blood glucose, resulting in an absolute or relative excess of insulin 
compared with nondiabetic subjects. In addition, most type 1 dia- 
betic patients develop deficient glucagon responses to hy- 
poglycemia within the first 5 years after diagnosis. Deficient 
glucagon (and insulin) responses to a falling blood glucose mean 
that patients are dependent on centrally driven catecholamine re- 
sponses as the most important neurohumoral response to prevent 
hypoglycemia.” Unfortunately, a number of diabetic subjects de- 
velop additional defects in catecholamine responses to hy- 
poglycemia. The combination of deficient glucagon and 
adrenomedullary/catecholaminergic responses and the associated 
loss of symptomatic awareness of hypoglycemia significantly in- 
creases the risk of severe hypoglycemia.°°*” (See Chapter 31). 

The exact mechanisms involved in abnormal counterregulation 
in diabetes are unknown. Abnormal glucagon responses that de- 
velop in most insulin-deficient patients most likely result from 
local pancreatic changes, although a central brain adaptation may 
contribute. The former may be, at least in part, a consequence of 
the loss of local islet insulin secretion, and its inhibitory effect on 
a-cell secretion. Normally, insulin secretion and intraislet insulin 
levels paradoxically fall in response to insulin-induced hypo- 
glycemia, but in the insulin-deficient diabetic pancreas, exogenous 
insulin results in a rise in islet insulin levels that would be expected 
to suppress glucagon release. Deficient catecholamine defenses 
against hypoglycemia are believed to be a consequence of an adap- 
tation occurring in those brain areas that sense low glucose and/or 
initiate counterregulatory defenses. Thus the mechanisms for these 
two abnormalities may, at least in part, be different. Important risk 
factors for abnormal counterregulation are intensified glycemic 
control. longer duration of diabetes, and a history of hypoglycemia 
per se. 

There is considerable evidence that the hypoglycemia that 
occurs as a consequence of treatment of diabetes may itself result 
in a downregulation of counterregulatory responses to a subsequent 
hypoglycemic episode. Healthy volunteers exposed to two 
episodes of relatively mild hypoglycemia display temporary 
deficits in counterregulatory responses to hypoglycemia on the 
following day (Fig. 8-3).*® Subsequent work from a number of 
groups has confirmed that antecedent hypoglycemia can result in a 
downregulation of subsequent responses to low blood glucose in 
both healthy and diabetic subjects. In keeping with this hypothesis, 
defective counterregulation in type 1 diabetes may be improved, at 
least in part, by scrupulous avoidance of hypoglycemia.” ? 

The mechanisms by which antecedent hypoglycemia can 
downregulate counterregulatory responses to a subsequent hypo- 
glycemic episode are uncertain. One possibility is that an adapta- 
tion in blood-brain glucose transport occurs in response to 
antecedent hypoglycemia, allowing the brain to maintain better 
local glucose levels during hypoglycemia. In keeping with this, a 
number of animal studies have reported increases in endothelial 
GLUT-1*°? and/or the neuronal glucose transporter GLUT-3% 
following periods of prolonged hypoglycemia. 

In human studies, brain glucose uptake has been assessed ei- 
ther by measuring arteriovenous differences in glucose across the 
brain or noninvasively by using brain imaging techniques. In keep- 
ing with the animal data described above, net global brain glucose 
uptake measured by the difference between arterial and jugular 
bulb glucose levels was preserved during hypoglycemia in healthy 
human volunteers previously subjected to 56 hours of interprandial 
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FIGURE 8-3. Hypoglycemia itself downregulates responses to subsequent 
hypoglycemia. The figure shows baseline and peak epinephrine responses 
to a brief hypoglycemic challenge in healthy subjects on two successive 
days. A period of 2 hours of moderate (3 mmol/L) hypoglycemia (but not 
euglycemia) on the afternoon of day 1 was sufficient to downregulate 
epinephrine responses to a subsequent hypoglycemic challenge on day 2. 
(Reproduced from Heller et al.**) 


hypoglycemia.“ Similarly, a study of type | diabetic subjects 
showed that those with good glycemic control and frequent hypo- 
glycemia were able to preserve brain glucose uptake during hypo- 
glycemia.” In contrast, positron emission tomography (PET) scan- 
ning using a 1-''C-glucose tracer technique demonstrated no 
global increase in glucose uptake after 24 hours of interprandial 
hypoglycemia in healthy volunteers.“ 

One possibility is that regional changes in glucose metabolism 
in glucose-sensing areas may not be apparent with these measures 
of global brain glucose metabolism. Using '*F-fluorodeoxyglucose 
(FDG) as a tracer during PET scanning, Cranston and associates” 
reported that regional FDG brain uptake in an area including the 
ventromedial hypothalamus behaved differently during hypo- 
glycemia in type | diabetic subjects with or without impaired 
counterregulatory defects. In animal studies regional brain metabo- 
lism can be examined by using microdialysis or microinjection 
techniques. Direct delivery by microdialysis of the glucose ana- 
logue 2-deoxyglucose (2DG) into the ventromedial hypothalamus 
in rats simulates local glucopenia and results in a counterregula- 
tory-type response. In this model, the blood-brain barrier is effec- 
tively bypassed and substrate is delivered directly into the brain 
ECF. In animals previously exposed to chronic hypoglycemia, 
counterregulatory hormonal responses to 2DG delivery were ob- 
tunded, suggesting that at least part of the adaptation occurs down- 
stream of blood-brain barrier glucose transport. *” 

An alternate, although not necessarily competing, hypothesis 
is that the rise in glucocorticoids that occurs as part of the counter- 
regulatory response may activate a negative feedback loop that 
downregulates counterregulatory responses to a subsequent hypo- 
glycemic challenge. Davis and colleagues” infused insulin and 
dextrose for two episodes of 120 minutes during the morning and 
afternoon in healthy subjects on day 1 and examined responses to a 
controlled hypoglycemic challenge on the next day (Fig. 8-4). 
When blood glucose was allowed to fall to 50 mg/dL (2.8 mmol/L) 
during the day 1 episodes, counterregulatory responses on day 2 
were suppressed compared to when blood glucose was maintained 
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at 90 mg/dL (5 mmol/L) on day 1. When cortisol was infused on 
day 1 at a dose that mimicked the response seen with day | hypo- 
glycemia (together with insulin and dextrose to maintain constant 
glucose levels), counterregulatory responses on day 2 were par- 
tially suppressed. These results suggest the downregulation of 
counterregulation by antecedent hypoglycemia may be in part me- 
diated by cortisol.” A subsequent study by the same group of re- 
searchers examined patients with primary adrenocortical failure 
who underwent a similar 2-day experiment with two periods of 
controlled hypoglycemia on day 1 with an infusion of cortisol to 
mimic basal levels only. Responses to hypoglycemia were similar 
on both day | and day 2, suggesting that the absence of a gluco- 
corticoid response to the low blood glucose on day 1 had pre- 
vented downregulation of counterregulation with hypoglycemia, 
although it should be noted that responses in general were less ro- 
bust than those of a healthy control group.*” However, the finding 
of downregulation with glucocorticoids is not universal. Shum and 
associates?! demonstrated no effects of 4 days of corticosterone 
treatment on neuroendocrine responses to a subsequent hypo- 
glycemic challenge in healthy rats. In contrast, antecedent hypo- 
glycemia or even just exposure to high insulin levels with blood 
glucose maintained over the previous 4 days resulted in attenuated 
neurohumoral responses to hypoglycemia.” 

If glucocorticoids are part of the mechanism by which hypo- 
glycemia impairs counterregulatory responses to subsequent hypo- 
glycemia, what might the teleological explanation be? In general, 
glucocorticoids display a complex series of interactions with stress 
responses (for review, see reference 52). Glucocorticoids have a 
permissive or stimulatory role on some aspects of the stress re- 
sponse. For example. deficient glucocorticoid secretion in Addi- 
son’s syndrome results in impaired responses to a variety of insults 
as diverse as cardiovascular disruption, sepsis, and infection. On 
the other hand, glucocorticoids have also been demonstrated to 
have a role in limiting stress responses that prevent overstimula- 
tion, and in preparing the stress axis for future insults, possibly act- 
ing via brain steroid receptors. In clinical hypoglycemia, this may 


FIGURE 8-4. Glucocorticoids released during hypoglycemia may modulate 
the downregulation of counterregulatory responses to a subsequent hypo- 
glycemic challenge. Figure shows epinephrine responses to hypoglycemia 
on day 2 after one of three antecedent treatments given on day 1 (described 
in text). (Reproduced from Davis et al.”) 
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be further complicated by the contribution of other components of 
the hypophysio-adrenal axis such as brain release of CRH that may 
also modulate stress responses. 

It is possible that a number of different adaptations in the 
diabetic brain including, but not restricted to, alterations in brain 
glucose transport and feedback from the hypothalamic-pituitary- 
adrenal axis contribute to impaired CNS defenses against hypo- 
glycemia. Other putative adaptive mechanisms that have been sug- 
gested include alterations in brain metabolic pathways in sensing 
areas, local blood flow, local substrate fluxes (and in particular 
changes in brain lactate and/or glycogen metabolism), and changes 
in neurotransmitter pathways. 


ROLE OF THE CNS IN THE RESPONSE 
TO HYPERGLYCEMIA 


DeFronzo and colleagues™ showed decades ago that when glucose 
was delivered through a peripheral vein in the human, the plasma 
glucose (221 mg/dL) and insulin levels (101 U/mL) rose, but 
splanchnic glucose uptake was minimal. When in the same subjects 
glucose was given orally and the glucose infusion rate was reduced 
to maintain the same arterial glucose level, net splanchnic glucose 
uptake increased more than fourfold (Fig. 8-5). Although the 
plasma insulin level was increased modestly in the oral group rela- 
tive tó the IV-only group, it is now known that the insulin incre- 
ment could not explain the larger increase in net splanchnic glu- 
cose uptake. Based on their findings, the investigators suggested 
that a gut factor may play an important role in signaling the liver to 
take up and store glucose following feeding. Subsequent work in 
animal models in other laboratories determined that enhancement 
of net hepatic glucose uptake (NHGU) was evident with portal glu- 
cose infusion, and not just with enteral glucose delivery, dispelling 
the notion that gut factors could be responsible for the findings.*⁄ 56 

Studies were therefore carried out to try and understand 
whether the CNS could play a role in the response to oral/portal 
glucose delivery. It would now appear that glucose uptake and 
storage by the liver are regulated by three factors: the plasma in- 
sulin/glucagon levels, the plasma glucose level, and a signal gener- 
ated by entry of glucose into the body via the portal vein. In a series 
of studies employing the conscious dog, it was shown that with in- 
sulin increased to fourfold basal, the rate at which the liver took up 
glucose correlated linearly with the hepatic glucose load (i.e., the 
rate at which glucose was delivered to the liver).” Administering a 
small portion of the glucose infusion into the hepatic portal vein 
shifted the dose-response curve to the left. Thus when the arterial 
plasma glucose level ranged between 100 and 200 mg/dL, the 
“portal” signal was responsible for most of the NHGU. 


Significance of the Portal Signal 
in Disposition of a Glucose Load 


When the glucose load to the liver was doubled and the insulin 
level was varied, there was a curvilinear relationship between the 
insulin level and NHGU** (Fig. 8-6). Once again, infusion of a 
small amount of glucose into the hepatic portal vein to activate the 
portal signal shifted the dose-response curve to the left. In fact, the 
ability of this signal to augment NHGU was equivalent to the effect 
of a fourfold rise in plasma insulin. Experiments were then carried 
out in which the insulin level was increased fourfold and the 
glucose load to the liver was doubled, but the magnitude of the por- 
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FIGURE 8-5. Normal human volunteers received an intravenous glucose in- 
fusion continuously for 4 hours so that they achieved steady-state glucose 
(221 mg/dL) and insulin (101 U/mL) concentrations (IV group). An addi- 
tional group (IV + oral) received an intravenous glucose infusion to 
achieve similar hyperglycemia and hyperinsulinemia to the IV group. After 
steady-state glucose concentrations were reached, they ingested glucose 1.2 
g/kg, and the peripheral glucose infusion rate was adjusted to maintain their 
plasma glucose at ~220 mg/dL. Net splanchnic glucose uptake was signif- 
icantly enhanced by oral glucose ingestion, an effect not solely attributable 
to the relatively small differential in insulin concentrations between groups. 
(Redrawn from DeFronzo et al.*?) 


tal vein and peripheral vein glucose infusion rates was varied so as 
to create a range of arterial-portal (A-P) glucose gradients. There 
was a curvilinear dose-response relationship between the A-P 
glucose gradient and the fractional uptake of glucose by the liver 
(Fig. 8-6),°” such that the signal was most effective with a low glu- 
cose load and, in fact, saturated at an A-P gradient of about 20 
mg/dL, a physiologic gradient observed in the postprandial state. 
It was further demonstrated that the portal signal, while aug- 
menting glucose uptake by the liver, decreased muscle glucose up- 
take.” Thus, instead of regulating whole-body glucose clearance, 
in this way it tended to control the distribution of glucose between 
the liver and muscle (Fig. 8-7). The suggestion was also made that 
the portal signal had a mild incretin effect, thereby raising the 
plasma insulin level and thus also promoting whole-body glucose 
clearance.°! This is consistent with data demonstrating a rela- 
tionship between hepatoportal glucose sensors and insulin secre- 
tion. Hepatic vagotomy attenuated insulin secretion following 
intraportal or intraperitoneal glucose administration in the rat, but 
it did not decrease insulin release following peripheral intravenous 
glucose injection.“* Moreover, injection of glucose into the por- 
tal vein decreased the afferent firing rate in the hepatic branch of 
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FIGURE 8-6. Net hepatic glucose uptake is enhanced by portal vein versus 
peripheral glucose infusion over a wide range of insulin concentrations (top 
panel). With the hepatic glucose load at twofold basal and plasma insulin at 
fourfold basal, net hepatic fractional extraction of glucose is directly related 
to the magnitude of the negative arterial-portal vein glucose gradient, an 
effect that saturates above a gradient of approximately —20 mg/dL (bottom 
panel). (Top panel: redrawn from Myers et al.™® Bottom panel: redrawn 
from Pagliassotti et al.*”) 


the vagus nerve, but at the same time it increased the firing rate of 
the vagal pancreatic efferents, an effect ablated by sectioning the 
hepatic branch of the vagus.°° 

This synchronized pattern of response led to the hypothesis 
that the portal signal involves the CNS. Certain evidence has now 
accumulated to support this hypothesis. The speeds of onset and 
offset of the response of the liver to an alteration in the portal signal 
are rapid. A maximal response to the portal signal was seen within 
15 minutes” (Fig. 8-8) and the response was lost equally rap- 
idly. Thus the speed of the response is consistent with neural 
signaling. In addition, in the presence of a fourfold increase in 
plasma insulin and a doubling of the hepatic glucose load, the abil- 
ity of portal glucose infusion to modify hepatic and muscle glucose 
uptake was eliminated by hepatic denervation.”” These data pro- 
vide strong support for neural involvement in the effect of the 
portal signal on hepatic and muscle glucose uptake. 


The Afferent Limb of the Portal Signal 


It is worth considering how the body monitors the difference in the 
arterial and portal vein glucose levels. It must first be noted that 
increasing the portal glucose level by infusing glucose through a 
peripheral vein does not trigger the portal signal. The signal is only 
manifest when the portal glucose level exceeds the arterial glucose 


ROLE OF THE CNS IN GLUCOSE REGULATION 12: 


75 


Peripheral Infusion 


%OF 9 
INFUSED 
GLUCOSE 25 
0 
1 Portal Infusion 
% OF 50 
INFUSED 
GLUCOSE 25 
0 
Muscle Hepatic 


FIGURE 8-7. The portal signal is an important determinant of the disposi- 
tion of a glucose load. During peripheral glucose delivery, the net hepatic 
glucose uptake accounts for only approximately 10% of the infused 
glucose, and muscle accounts for more than 50%. In the presence of 
the portal signal, the percentage of the glucose load taken up by skeletal 
muscle and liver is almost equal. (Derived from data in Adkins-Marshall BA 
et al: Interaction between insulin and glucose-delivery route in regulation 
of net hepatie glucose uptake in conscotus dogs. Diabetes 1990;39:87.) 


level, as it does during glucose feeding. It would appear that the ar- 
terial glucose level provides a reference point against which the 
portal glucose level can be viewed. It seems clear that the latter is 
perceived by the portal glucose sensors described by Niijima and 
his colleagues.’'~”? It is less clear, however, where the arterial glu- 
cose level is sensed. It could be monitored in the liver, the brain, or 
the carotid bodies. "+76 


FIGURE 8-8. The etfect of the glucose portal signal is rapid. with maximal 
enhancement of NHGU by 15 minutes. In contrast, the effect of insulin on 
NHGU is slow. When hyperinsulinemia is combined with the portal signal, 
the response is more rapid than the response to insulin in the absence of the 
portal signal. (Redrawn from Pagliassotti et al.) 
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The role of CNS glucose sensors in providing the reference 
information was assessed by Hsieh and associates.” The insulin 
level in conscious dogs was increased fourfold, along with a dou- 
bling of the hepatic glucose load in the presence of the portal signal 
to fully activate NHGU. The glucose level in the head was then 
increased by glucose infusion through catheters in the carotid and 
vertebral arteries, to a point where it was slightly above the portal 
glucose level. There was no impact on NHGU, suggesting that ar- 
terial glucose sensing in this context was taking place outside the 
CNS. Matsuhisa and colleagues" tried a similar approach, but only 
used unilateral glucose infusion. They observed a small reduction 
in NHGU, suggesting brain sensors may be involved, but their 
study has some limitations” that prevent a definitive conclusion 
from being drawn. On the other hand, using similar conditions to 
those in their first study, Hsieh and coworkers” infused glucose 
into the hepatic artery so as to eliminate the intrahepatic arterial- 
portal glucose gradient. This resulted in a complete abolition of the 
effect of the portal signal on NHGU, strongly suggesting that the 
arterial-portal glucose comparison is made within the liver. 


The Efferent Limb of the Portal Signal 


The portal signal increased the activation of glycogen synthase in 
the dog and enhanced hepatic glycogen deposition in the dog and 
rat.°””” Based on work by Shimazu and associates” and Junger- 
mann and colleagues”* it appears likely that activation of the 
liver in response to the portal signal would involve an augmenta- 
tion of parasympathetic input and/or a diminution of sympathetic 
signaling. Shimazu and associates”® noted that electrical stimula- 
tion of the lateral hypothalamus (LH, primarily parasympathetic in 
nature) resulted in an increase in glycogen synthase activity and 
hepatic glycogen concentrations. Vagal, but not splanchnic, nerve 
stimulation produced similar effects.*! Shiota and coworkers”? 
therefore carried out a study in which they gave alpha- and beta- 
blockers portally, along with acetylcholine (ACh), in an attempt to 
examine the impact of these regulators on NHGU in conscious 
dogs. Insulin was increased to fourfold basal in the presence of a 
twofold rise in the hepatic glucose load (but without any portal glu- 
cose infusion). NHGU increased twice as much in the dogs receiv- 
ing ACh and adrenergic blockers as it did in the control dogs. On 
the other hand, there was a marked rise in hepatic arterial flow in 
the experimental group that complicated data interpretation. Since 
no such change in hepatic artery flow occurs in response to portal 
glucose infusion, it raises the possibility that this effect of ACh on 
NHGU was associated with a nonspecific vascular event. Con- 
comitantly, however. Stumpel and Jungermann.”” using the per- 
fused rat liver, also came to the conclusion that the efferent limb of 
the portal signal involved the parasympathetic nervous system. 
Cardin and colleagues”? next employed a vagus nerve cooling 
technique to determine whether removal of vagal efferent input 
would reduce or eliminate the effect of the portal signal on NHGU. 
Vagal cooling would reduce firing in the vagal afferents. thereby 
intensifying portal signaling. Thus any effect of vagal cooling to 
reduce NHGU would be attributable to a diminution in efferent ac- 
tivity and presumably ACh release. Somewhat surprisingly, vagal 
cooling was without effect on NHGU despite the fact that it caused 
a maxiimal increase in heart rate.** thereby validating its effective- 
ness. These data thus suggest that the efferent limb of the response 
involves a change in the level of a neural mediator other than 
acetylcholine. Among the possibilities are norepinephrine, neu- 


topeptide Y, and other mediators associated with the sympathetic 
nervous system. It thus appears at this time as if the efferent signal 
reaches the liver through nonparasympathetic efferent fibers. 


SUMMARY 


In summary, the brain has a critical role to play in maintaining 
blood glucose levels within narrow limits in order to promote effi- 
cient fuel metabolism and to support optimal brain function. A 
number of defensive counterregulatory responses that protect 
against falling blood glucose are initiated and/or controlled by the 
CNS. The exact brain areas and pathways involved in these re- 
sponses have not been fully identified, but specialized hypothala- 
mic and/or brain stem areas containing nutrient-sensitive neurons 
probably play an important role. In diabetes, treatment regimens 
with insulin or insulin secretagogues may overcome or interfere 
with these defenses and result in hypoglycemia. The mechanisms 
for these deficits in counterregulation are unknown. but it is as- 
sumed that at least part of these adaptations ultimately act to alter 
the function of specialized brain hypoglycemia-sensing areas. 

During carbohydrate feeding it would appear that afferent 
herve signaling regarding both the level of hepatic arterial glucose 
and the level of hepatic portal vein glucose is communicated to the 
CNS, where it results in a modification of sympathetic or some 
other input to the liver, which then activates NHGU. Many ques- 
tions remain about the role of the CNS in coordinating the response 
of the body to nutrient intake. The significance of the portal signal 
in humans needs to be verified, and the nature of the afferent sens- 
ing and efferent signaling needs to be clarified. Likewise, the sig- 
nificance of the signal in the context of fat and protein ingestion 
needs to be examined. It seems clear, however, that the CNS plays 
an important role in coordinating the distribution of incoming nu- 
trients to the various tissues of the body. 
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CHAPTER 9 


Stress-Induced Activation of the Neuroendocrine System 
and Its Effects On Carbohydrate Metabolism 


Peter J. Havel 
Gerald J. Taborsky, Jr. 


BASIC NEUROENDOCRINE CONTROL 
OF PLASMA GLUCOSE 


Maintenance of plasma glucose levels within a narrow range, both 
in the basal state and during and after meals, is the responsibility of 
a neuroendocrine control system. In the basal state, the basic feed- 
back loop (Fig. 9-1) depends on the liver as a source of glucose and 
peripheral tissues as the site of glucose utilization. In the basal 
state, the brain is the most important site of utilization since it 
metabolizes 80% of the glucose produced after an overnight fast. 
Insulin and glucagon secretion from the pancreatic islet by the 
plasma glucose level is the major feedback regulator for maintain- 
ing glucose at steady-state levels (Fig. 9-1). Most individuals have 
adequate islet mass and a and ß cells that have sufficient glucose 
sensitivity to secrete the amount of insulin and glucagon needed. 
Furthermore, the hepatic sensitivity to insulin and glucagon and the 
peripheral sensitivity to insulin are such that this amount of insulin 
and glucagon achieves fasting plasma glucose levels between 60 
and 100 mg/dL. However, the islet. liver, and peripheral tissues are 
sensitive to circulating and locally released neuroendocrine con- 
trollers. Therefore, the basic islet-glucose feedback loop can be 
modulated by these neuroendocrine factors, which usually results, 
during stress, in regulation at a higher steady-state plasma glucose 
concentration. 


MECHANISMS FOR HYPERGLYCEMIA 


Due to the brain’s absolute requirement for glucose, there are re- 
dundant neuroendocrine mechanisms to maintain adequate deliv- 
ery of glucose to the brain between meals. Recognition that the 
neuroendocrine control system functions to ensure adequate glu- 
cose to maintain brain function helps one understand the mecha- 
nisms for stress hyperglycemia and their redundancy. In the 
simplest view there are only two ways to achieve hyperglycemia: 
increase the rate of glucose production by the liver or decrease the 
rate of glucose utilization by peripheral tissues (Fig. 9-2). Since the 
rate of glucose utilization by the brain is not dependent on insulin 
(Fig. 9-2), it is relatively constant. Thus only approximately 20% 
of total glucose utilization in the basal state can be modulated, and 
in practical terms, reduction of basal glucose utilization makes at 
most a small contribution to the initiation of hyperglycemia during 


stress. Therefore, it is the increased hepatic production of glucose, 
primarily by glycogenolysis, that is responsible for the initiation of 
hyperglycemia during stress. Increased hepatic glucose production 
is characteristic of stress; for example, of the nine individual 
stresses discussed later in the chapter, all have increased hepatic 
glucose production at some point during the stress. Whether they 
also are characterized by fasting hyperglycemia depends on the in- 
dividual stress and its effects on glucose utilization. Some stresses 
are characterized by impaired glucose utilization, which as the glu- 
cose level rises during stress, makes an increasing contribution to 
the maintenance of the hyperglycemia (Fig. 9-2). Other stresses are 
characterized by increased glucose utilization that nearly parallels 
the increase of hepatic glucose production. If glucose production 
and glucose utilization are increased simultaneously, then glucose 
turnover will increase with only minor changes of the plasma glu- 
cose level. Therefore, it is not the absolute rates of glucose produc- 
tion or utilization that are responsible for hyperglycemia during 
stress, but rather it is the imbalance between glucose production 
and its utilization. For this reason, it is possible for absolute glu- 
cose tumover to be increased, normal, or even decreased during 
stress hyperglycemia. However, total glucose tumover is usually 
increased during stress whether or not hyperglycemia is present. 
This concept is important since it is often assumed that the hyper- 
glycemia itself is an index of carbohydrate utilization during stress. 
This is not the case, and recognition of this potential problem will 
be important to the consideration of the mechanisms for stress hy- 
perglycemia in nondiabetic subjects and treatment of stress hyper- 
glycemia in diabetic patients. 


REGULATION OF GLUCOSE PRODUCTION AND 
UTILIZATION BY NEUROENDOCRINE FACTORS 


Two types of neuroendocrine control factors achieve the regulation 
of hepatic glucose production. One type produces quick, minute- 
to-minute changes in hepatic glucose output. This type includes 
the endocrine pancreatic hormones, insulin and glucagon, and the 
neuroendocrine amines, epinephrine and norepinephrine (Fig. 9-3). 
These are short-term regulators of glycogenolysis and gluconeo- 
genesis. Insulin inhibits hepatic glucose output from the liver, 
whereas glucagon, epinephrine, and norepinephrine stimulate 
hepatic glucose mobilization. It is the balance between these 
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FIGURE 9-1. This basal glucose lcedback loop is the underlying regulator 
of plasma glucose to maintain an adequate supply of glucose to the brain. 
Note the key role of the endocrine pancreas in this loop. (Reprinted with 
permission from Pfeifer, et al.’ ) 


opposing factors which determines the amount of glucose that the 
liver produces. The second type of neuroendocrine factors deter- 
mines the sensitivity of the liver to these short-term regulators 
of glycogenolysis and gluconeogenesis. These are the hormones 
cortisol, thyroxine, growth hormone (GH), and estrogens (Fig. 9-3). 
They alter the sensitivity of the liver to regulation by the short- 
term regulatory factors. Many of these long-term regulators appear 
to be more permissive than regulatory; that is, the pathologic 
excess or lack of such factors alters hepatic glucose production, 
but fluctuations of their plasma concentration within the usual 
physiologic range has no major effect. 

Many of these same neuroendocrine factors are also impor- 
tant to the regulation of glucose utilization in peripheral tissues 
and thus to regulation of glucose turnover (Fig. 9-2). Insulin, epi- 
nephrine, and norepinephrine can have rapid actions on glucose 
utilization by affecting the ongoing processes of glucose transport 
without requiring changes in the rate of new protein synthesis. 
Cortisol, thyroxine, GH, and estrogens are slower regulators of 
insulin-sensitive glucose uptake. perhaps because many of their 
actions are mediated through gene regulation and protein synthe- 
sis. Finally. release of cytokines during certain types of stress can 
have direct actions on muscle to increase glucose uptake. The glu- 


FIGURE 9-2. A simplified view of stress hyperglycemia. Hyperglycemia 
can be due to cither increased glucose output from the liver or decreased 
use by insulin-sensitive tissues, Note that both mechanisms are usually 
used. 
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FIGURE 9-3. Neuroendocrine changes in stress hyperglycemia. Note that 
the basal feedback loop is modulated in the pancreas, liver, and insulin- 
sensitive tissues. Brain remains sensitive only to plasma glucose level and 
cerebral blood flow. Also note the key role of epinephrine (E) and norepi- 
nephrine (NE) in restraining the insulin response to hyperglycemia. 


cose uptake of tissues such as brain, red blood cells, gut, endothe- 
lial connective tissue, and bone cells appears to be relatively in- 
sensitive to hormonal, neural, or cytokine factors. It is the glucose 
utilization of adipose tissue and muscle that is primarily regulated 
by the neuroendocrine system. Due to its mass, changes of muscle 
glucose utilization tend to be responsible for measured changes in 
whole-body glucose utilization. The glucose utilization rate of 
brain and the other insulin-insensitive tissues is nearly constant 
because this uptake process is nearly saturated at glucose levels 
greater than 100 mg/dL. 

One important difference among these various neuroendocrine 
factors is the control of their secretion. Only the secretion of 
insulin and glucagon is sensitive to changes of plasma glucose con- 
centration in the physiologic range. Thus hyperglycemia increases 
the secretion of insulin and decreases the secretion of glucagon 
(Fig. 9-1). Those hormonal changes will decrease glucose produc- 
tion by the liver and increase glucose utilization by peripheral tis- 
sues, restoring euglycemia (Fig. 9-1). Thus this feedback control 
system makes it difficult to achieve lasting hyperglycemia unless 
the sensitivity of the islet B cell to stimulation by glucose is im- 
paired. The action of several neuroendocrine factors to decrease the 
B cell’s sensitivity to stimulation by glucose and to decrease the a 
cell’s sensitivity to suppression by glucose is what allows them to 
produce sustained hyperglycemia (Fig. 9-3). 

Neuroendocrine factors can also change the sensitivity of the 
liver and peripheral tissues to insulin and glucagon (Fig. 9-2), but 
this effect by itself is not sufficient to produce lasting hyper- 
glycemia. Again, an impairment of a- and B-cell sensitivity to glu- 
cose is required. For example, in obesity many tissues are resistant 
to the actions of insulin, including its ability to suppress hepatic 
glucose output and to increase glucose uptake in adipose tissue and 
muscle. Despite this impairment of insulin action, fasting hyper- 
glycemia is not usually found in obese subjects because the islet 
increases its secretion of insulin. Thus the obese individual is char- 
acterized by an insulin resistance both at the liver and at the pe- 
ripheral tissues that is compensated by elevated basal and stimu- 
lated insulin secretion, leading to normal basal glucose levels and 
normal glucose responses to ingested nutrients. This example illus- 
trates that alterations in peripheral or hepatic insulin sensitivity, by 
themselves, will not necessarily lead to significant hyperglycemia 
unless the islet sensitivity to glucose is reduced. 


Chapter 9 


GENERAL CONSIDERATIONS 
IN STRESS HYPERGLYCEMIA 


The primary role of the metabolic response to stress is to increase 
substrate flux to tissues that need it. The brain is the major glucose 
user in the fasting state and its rate of utilization is not dependent 
on insulin. Therefore, maintenance of adequate central glucose de- 
livery is solely dependent on the plasma glucose concentration and 
adequate cerebral blood fiow. Accordingly, stress hyperglycemia 
can be viewed as a means of ensuring adequate delivery of glucose 
to the brain during stress. During conditions of normal cerebral 
blood flow, glucose uptake into the central nervous system (CNS) 
is sufficient if plasma glucose levels are above 70 mg/dL. Increased 
hepatic production of ketone bodies during a prolonged fast and 
use of ketones by the brain can reduce its obligatory need for car- 
bohydrate by approximately 50% without interfering with neuronal 
function. However, any further reduction of brain glucose uptake 
compromises brain function and eventually leads to neuronal 
death. Thus, even during a prolonged fast, any compromise of cere- 
bral blood flow will produce the need for stress hyperglycemia to 
compensate for a reduced rate of glucose delivery to the brain. 
Again, the neuroendocrine system is the key to producing this 
hyperglycemia. Since the brain is dependent on a continuous sup- 
ply of glucose, it is not surprising that stress hyperglycemia is reg- 
ulated centrally. In addition, since the CNS need for glucose is so 
critical, it is not surprising that redundant neuroendocrine mecha- 
nisms exist to produce hyperglycemia during stress. 

Thus, there are different afferent inputs to the central nervous 
system that can signal the need for increased carbohydrate flux to 
the brain. Some of these are psychological factors involved in the 
perception of imminent stress. A number of others are related to 
physiologic factors that reflect the adequacy of substrate and oxy- 
gen delivery to the brain. These latter systems include oxygen and 
pH chemoreceptors in the carotid bodies, pressure sensors in the 
carotid sinus and the aortic arch, temperature receptors and pain 
receptors in the skin, and glucose receptors in the liver and brain. 
The signals from these peripheral receptors are carried by afferent 
Neurons to the brain stem and relayed to higher centers where 
they are integrated. One of these centers, the hypothalamus, is 
critical for the integration and coordination of those autonomic 
efferent responses that influence carbohydrate metabolism and 
cause stress hyperglycemia. These autonomic responses stimulate 
hepatic glucose production, impair peripheral glucose utilization, 
and impair the islet responsiveness to glucose. All three changes 
are usually present during most types of stress, but it is the third 
change that is critical in allowing sustained hyperglycemia to 
occur. The adipose tissue hormone leptin is a humoral signal to 
the CNS that provides information regarding nutritional status. It 
also appears to regulate basal autonomic outflow and may influ- 
ence the neuroendocrine response to certain stresses. Circulating 
leptin concentrations are proportional to body fat content, but 
acutely decrease and increase in response to reductions of energy 
intake, or overfeeding.'? Leptin receptors in the CNS are local- 
ized primarily in the hypothalamus, and leptin acts there to regu- 
late long-term energy homeostasis via its actions to decrease food 
intake and increase energy expenditure.** The effects of exoge- 
nous leptin on appetite,” food intake, food-seeking behavior,’ and 
energy expenditure® are more pronounced when endogenous lep- 
tin levels are low (e.g., during fasting or energy restriction) than 
when they are elevated (e.g., during overfeeding or obesity). Thus 
leptin appears to play its major physiologic role in increasing ap- 
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petite and decreasing energy expenditure during the adaptation to 
fasting or energy restriction.” 

There is also evidence that leptin has an important role in reg- 
ulating the hypothalamic-pituitary-endocrine axis (hypothalamic- 
pituitary axis [HPA] and thyroid and reproductive axes) during its 
adaptation to periods of negative energy balance.” For example, the 
activation of the HPA (via increased adrenocorticotropic hormone 
[ACTH] and glucocorticoid secretion) and downregulation of the 
thyroid and reproductive axes (decreased thyroid-stimulating hor- 
mone [TSH], gonadotropins, and reproductive and thyroid hor- 
mones) that occur during fasting in mice are attenuated when ex- 
ogenous leptin is administered to prevent the normal fasting-induced 
fall of circulating leptin.'° In addition, sympathoadrenal activity 
decreases during fasting or energy restriction in rodents’! and hu- 
mans,'” and the decrease of leptin production during fasting con- 
tributes to the reduction of energy expenditure by decreasing sym- 
pathetic nervous system (SNS) outflow to brown adipose tissue in 
rodents.*-'*'4 Consistent with this observation, administration of 
exogenous leptin activates the SNS in fasting rodents'*"'” and non- 
human primates.'* Furthermore, leptin-induced SNS activation can 
influence glucose homeostasis at least in part through its effects on 
insulin and glucagon secretion.'*”° Although the role of leptin in 
mediating fasting-induced changes in neuroendocrine function is 
relatively straightforward, its role in mediating the effects of fast- 
ing on the neuroendocrine activation induced by stress is complex. 
Leptin may mediate the effect of fasting on the neuroendocrine 
responses to certain stresses, but during other types of stress, leptin 
is unlikely to have a role. 

For example, cardiac surgery in humans decreases circulating 
leptin levels, which may in turn potentiate the HPA response to the 
surgical stress. In addition, patients with sepsis?’ or bum injury” 
lose their diurnal rhythm of cortisol, perhaps because of the loss of 
their diurnal pattern of circulating leptin. These patients receive 
continuous parenteral or enteral feeding, disrupting the diurnal lep- 
tin pattern that is dependent on the timing” and magnitude” of in- 
sulin responses to meals. 

Several studies examining the role of leptin in the neuro- 
endocrine response to stress have reported that leptin inhibits the 
HPA response to stress in rodents that is induced by physical 
restraint” or exposure to ether, but not stress induced by cold 
exposure.”° The problem with extrapolating these results to deduce 
a physiological role for the fasting-induced decrease of leptin to 
augment HPA activation during stress is that HPA responses to 
many stresses are reduced, not increased, in fasted animals.” 

One exception appears to be the stress of neuroglucopenia. 
Fasting augments the cortisol and ACTH responses to the neuroglu- 
copenia produced by insulin-induced hypoglycemia in mice.” Ex- 
ogenous leptin administration inhibits those responses as well as the 
cortisol response to the neuroglucopenia induced by 2-deoxy-D- 
glucose in the rat.” In contrast, even though the sympathoadrenal 
(epinephrine) response to insulin-induced hypoglycemia is aug- 
mented in the fasted compared to the fed state,” leptin is unlikely to 
be the mediator, because during fasting endogenous leptin inhibits 
and exogenous leptin stimulates sympathetic outflow. 

In summary, the fall of endogenous leptin may help mediate 
the increase of basal corticosterone and the decrease of sympa- 
thetic tone seen during fasting or energy restriction. It may also 
have a similar action on the HPA response to certain stresses (e.g., 
neuroglucopenia), but not to other types of stress. This complex in- 
teraction between the leptin system and neuroendocrine activation 
during stress warrants further study. 
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NEUROENDOCRINE SIGNALS INVOLVED 
IN STRESS-INDUCED HYPERGLYCEMIA 


The classic description of neuroendocrine activation during stress 
includes increased secretion of epinephrine, norepinephrine, corti- 
sol, GH, and glucagon, and decreased secretion of insulin. These 
neuroendocrine changes produce hyperglycemia by interfering 
with all of the important mechanisms responsible for the regulation 
of plasma glucose (Fig. 9-3). This neuroendocrine pattern can be 
reproduced by stimulation of the ventromedial hypothalamus. In 
nonstressed individuals, normal activities such as standing, walk- 
ing, or running can also activate the sympathetic nervous system 
and the glucose-mobilizing hormones. As a result, there is a stimu- 
lation of hepatic glucose production. However, during these normal 
activities, there is not the impairment of glucose utilization in the 
peripheral tissues, and therefore no hyperglycemia is seen as 
during stress (Fig. 9-2). In fact, there is a simultaneous increase of 
glucose utilization secondary to increased muscular activity during 
exercise (Fig. 9-4). Thus hyperglycemia in such circumstances is 
unusual. 

This form of sympathetic arousal is coordinated with muscular 
activity to keep the plasma glucose concentration within relatively 
narrow limits despite a marked increase of turnover rate (Fig. 9-4). 
If carbohydrate is ingested during exercise, one might expect that 
the exercise-induced sympathetic activation would inhibit the in- 
sulin response to the ingested glucose and thereby impair insulin- 
mediated glucose uptake. Thus the rate of glucose utilization might 
not increase enough to counterbalance the rate of glucose absorp- 
tion, resulting in hyperglycemia. However, the ability of glucose to 
suppress the activation of the sympathetic nervous system appears 
to be enhanced during exercise, and prevention of the small decline 
in plasma glucose that occurs during strenuous exercise reduces the 
degree of sympathetic activation.’ The sensitivity of the central 
glucose sensors is dependent on the physiologic state. Because of 
this increased sensitivity, carbohydrate ingestion during exercise 
may reduce sympathetic activation and allow sufficient insulin 
secretion and action to prevent hyperglycemia. 


FIGURE 9-4. Basal and exercise-induced glucose tumover. A schematic of 
glucose production by the liver (left arrow), glucose use by the brain, mus- 
cle, and fat (right arrows), and the effect on plasma glucose concentration 
(circle) after an overnight fast (solid lines) and during modcrate exercise 
(dashed lines). Note that during cxercise there is a simullancous increase in 
hepatic glucose production and muscle glucose use. so that plasma glucose 
level remains constant despite a marked increase in glucose tumover. The 
stresses of acute cold exposure and cold acclimation show a similar stimu- 
lation of both hepatic glucose production and glucose use with little change 
of plasma glucose level. 
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Exercise is an example of a situation in which activation of the 
somatic motor system leads to an increase in glucose removal that 
is independent of insulin secretion. This increase in glucose use is 
counterbalanced by a neuroendocrine-mediated increase in hepatic 
glucose production, so that plasma glucose levels remain constant 
despite a marked increase of glucose turnover (Fig. 9-4). In many 
types of stress, the same neuroendocrine activation increases he- 
patic glucose production (Fig. 9-5). However, without the exercise- 
induced increase in peripheral glucose utilization, hyper- 
glycemia occurs (Fig. 9-5). Indeed, stress-induced neuroendocrine 
activation, by itself, impairs insulin secretion and impairs insulin- 
mediated glucose uptake (Fig. 9-3). Many stresses including 
hypoxia, hypotension, myocardial infarction, trauma, surgery, and 
the early stages of burn trauma, cold exposure, and sepsis cause 
impaired glucose utilization. Although different stresses can acti- 
vate different afferent signals to the brain, the efferent responses 
usually involve sympathetic activation and increased secretion of 
glucose-mobilizing hormones. Thus there is a close similarity 
between the mechanisms for the metabolic responses to different 
stresses. However, as discussed below, there are real and important 
differences in metabolism that depend upon the particular type of 
stress and its etiology. Therefore, each form of stress hyper- 
glycemia must be evaluated independently in regard to the mecha- 
nisms of its production and the rationale for treatment. 


CLINICAL FORMS OF STRESS-INDUCED 
HYPERGLYCEMIA 


Hypoxia 


Acute hypoxia can produce the classic activation of the sympa- 
thetic nervous system seen during other types of stress. Both 
plasma norepinephrine and epinephrine are increased during acute, 
severe hypoxia (6-7% inspired O,) but not during moderate 
hypoxia (10-12% inspired O,).*'*? Thus there is a clear threshold 
for activation of the sympathetic nervous system by hypoxia, and 


FIGURE 9-5. Hyperglycemia during hypoxia. The activation of the neu- 
roendocrine system during hypoxia increases hepatic glucose production 
(left, dashed arrow) and increases the plasma glucose level (dashed cir- 
cle). Hyperglycemia does not cause the expected increase of glucose use by 
muscle and adipose tissue (right arrow) because the neuroendocrine acti- 
vation impairs insulin-stimulated glucose uptake. The stresses of hypoten- 
sion, myocardial infarction, mild sepsis, and early bum and other types of 
trauma show a similar stimulation of hepatic glucose production, restraint 
of glucose use, and hyperglycemia. 
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severe hypoxia is required to produce this activation. When the 
hypoxia is severe, the sympathetic response to acute hypoxia is pro- 
nounced, with total catecholamine levels exceeding 1000 pg/mL. 
Although cytokines may be involved in mediating the sympathetic 
responses to certain other stresses, there is little evidence that they 
contribute during hypoxia. It is more likely that they are released 
from tissue damaged by anoxia after an episode of ischemia and 
reperfusion.’ Despite the magnitude of the general sympathetic 
activation, the noradrenergic nerves to the pancreas are not 
usually activated by hypoxic stress.** In addition, the effect of 
sympathoadrenal activation on pancreatic hormone secretion and 
metabolism can be different than expected because there is evi- 
dence for B-adrenergic receptor dysfunction during hypoxia.” Thus 
the a-adrenergic actions of circulating epinephrine and locally 
released norepinephrine predominate. 

In addition to sympathetic activation, acute severe hypoxia can 
elicit the secretion of other counterregulatory hormones. Thus 
ACTH, glucocorticoid, and glucagon secretion are also increased. 
The stimulation of glucagon secretion produced by hypoxia is not 
mediated by the B-adrenergic action of catecholamines as it seems 
to be in other stresses, but rather by a-adrenergic mechanisms.” 
These findings are consistent with the B-adrenergic receptor dys- 
function seen in hypoxia. 

The inhibition of glucose-induced insulin released during hy- 
poxia is consistent with marked sympathetic activation (Fig. 9-3). 
However, the inhibition is more than would be expected for the 
circulating levels of epinephrine. For example, epinephrine infu- 
sion in normal subjects can abolish the acute insulin response to 
glucose, but usually produces only a mild impairment of the acute 
insulin response to arginine. The marked inhibition of both glucose 
and arginine-induced insulin secretion during hypoxia is reminis- 
cent of selective activation of inhibitory a-adrenergic receptors. 
The lack of an opposing stimulatory action of B-adrenergic recep- 
tor activation would explain the marked inhibition of insulin 
release seen during hypoxia. Direct evidence for such dysfunction 
includes abolition of the acute insulin response to isoproterenol, a 
selective B-adrenergic agonist, during hypoxia.” @-Adrenergic 
effects on other organs (e.g., lipolysis in adipose tissue and 
chronotropism in the heart) are also impaired. l 

These sympathetic and hormonal changes seen during hypoxia 
result in insulin resistance (Fig. 9-2), carbohydrate intolerance, and 
hyperglycemia (Fig. 9-5). The magnitude of the hyperglycemia 
depends, however, on the severity of the hypoxia and the age of the 
subject.” In animals, the threshold for the hyperglycemic effects of 
hypoxia are similar to those for activation of the sympathetic ner- 
vous system (i.e., a PO, of between 30 and 40 mm Hg). These 
hyperglycemic effects are more pronounced in the young and may 
help protect the developing brain from hypoxic damage.”” 


Hypotension 


During hypotension the central problem is that the blood flow 
decreases to the point where delivery of oxygen and substrate is 
inadequate to support tissue metabolic demands. Under these con- 
ditions, glucose has an advantage over other substrates since it can 
be partially metabolized even when tissue oxygen levels are low. 
However, during anaerobic metabolism of glucose, lactic acid accu- 
mulates, and this build-up is exacerbated by its reduced removal 
secondary to hypoperfusion. Since tissue glucose uptake is in- 
creased simply by increasing its plasma level, the hyperglycemia in- 
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duced by hypotension may represent a compensatory mechanism t 
maintain adequate fuel delivery during hypoperfusion. The patten 
of increased hepatic glucose production and hyperglycemia during 
hypotension is similar to that seen during hypoxia (Fig. 9-5). Ade- 
quate glucose delivery is critical for both brain and cardiac functior 
since the brain is dependent on glucose as its primary metabolic fue 
and the heart becomes dependent on glucose during hypoperfusion 
Despite such compensatory mechanisms, fuel delivery may still be 
inadequate if the hypotension is both severe and prolonged. This 
decompensated phase of hypotension, known as shock, is character- 
ized by persistent vasodilation, acute respiratory distress, loss of 
consciousness, and multiple organ failure and death. 

Hyperglycemia has been found in a number of clinical situa- 
tions in which hypotension is present. For example, hyperglycemia 
is present in injured combat soldiers in shock, as well as in patients 
with heart failure and associated hypotension or shock. Although 
the interpretation of these clinical studies is complicated by the 
presence of stresses in addition to hypotension, several of these 
complications can be ruled out as causes of hyperglycemia. First, 
the moderate hypoperfusion secondary to moderate hypotension 
(arterial blood pressure of 50 mm Hg) is usually not severe enough 
to impair glucose utilization by the brain, or to impair insulin 
secretion from the pancreas. Second, the local and systemic acido- 
sis seen in hemorrhagic hypotension is not responsible for the 
hyperglycemic response, because hypotension simulated by un- 
loading the carotid baroreceptors, in the absence of acidosis, can 
also elicit substantial hyperglycemia.” Finally, it is unlikely that 
cytokines have a role in the hyperglycemic response to moderate 
hypotension, since they are only released in large quantities during 
shock. 

Cytokines do have a role in shock, but it is related more to 
vasodilation. During severe shock, tumor necrosis factor alpha 
(TNF-a) is released from macrophages,” stimulating nitric oxide 
production from the vasculature.*° This nitric oxide produces a 
hypocontractility of vascular smooth muscle resulting in hypoten- 
sion during shock that persists despite marked sympathetic activa- 
tion. Clinical studies have suggested an association between TNF-a 
and IL-1 levels and the multiple organ failure and mortality of hem- 
orthagic shock.*! 

The general mechanisms by which hypotension leads to hyper- 
glycemia can be deduced by reading the available literature. Both 
central neural pathways and peripheral sympathetic pathways are in- 
volved. Elegant neuroanatomic studies have shown that only certain 
brain areas are activated during hemorrhagic hypotension, most of 
these in proportion to the degree of hypotension.” These discrete 
brain areas presumably control the peripheral autonomic response to 
hypotension that includes activation of the sympathetic nervous sys- 
tem. Catecholamines have a well-recognized role in defending blood 
pressure. Catecholamines also contribute to the hyperglycemia of 
hypotension since combined adrenalectomy and splanchnic sympa- 
thectomy abolished this hyperglycemic response.” 

The endocrine pancreas also has a substantial role in hyper- 
glycemia, since pancreatic hormone secretion changes in a direc- 
tion that would produce glycogenolysis (Fig. 9-5) and hyper- 
glycemia in normal animals“ (Fig. 9-3). Insulin release is usually 
inhibited by hypotension, especially the insulin response to secreta- 
gogues. Since glucose is a major insulin secretagogue, such inhi- 
bition allows hyperglycemia to persist. The a-adrenergic effects of 
catecholamines are presumed to mediate this inhibition of insulin 
release. If so, circulating epinephrine is the likely mediator since 
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the local noradrenergic nerves to the pancreas are not activated by 
moderate hypotension.” Indeed, elimination of the epinephrine re- 
sponse to hypotension by adrenalectomy reverses the inhibition of 
insulin release.” During marked hypotension, it is also possible 
that severe hypoperfusion of the pancreas could impair insulin 
secretion. 

Glucagon secretion is also increased during marked hemor- 
rhagic hypotension and undoubtedly contributes to the hyper- 
glycemic response. This stimulation of glucagon secretion is 
mediated by sympathoadrenal mechanisms since combined adrena- 
lectomy and splanchnic sympathectomy abolished this glucagon re- 
sponse.*? Increased vasopressin secretion during hypotension may 
also stimulate glucagon secretion; experiments with vasopressin 
antagonists, which have implicated vasopressin in the defense of 
blood pressure during hypotension, also suggest a role for vaso- 
pressin in stimulating glucagon secretion during hypotension. 
Finally, both ACTH and cortisol secretion increase in response to 
hypotension, but their role in the hyperglycemic response is 
unknown. 

It is also important to recognize that the high levels of circulat- 
ing catecholamines present during hypotension can directly stimu- 
late liver glycogenolysis and thereby increase the plasma glucose 
level. There are also suggestions that vasopressin has a similar 
direct action on the liver. Glucocorticoids may also play an impor- 
tant role in allowing the liver to respond since adrenalectomy 
increases the morbidity associated with hemorrhage and this effect 
is prevented by glucocorticoid replacement.” Finally, hepatic sym- 
pathetic nerves may directly contribute since hepatic denervation 
reduces the hyperglycemic response to hypotension."*”° Thus there 
are many mechanisms, both direct and indirect, whereby the sym- 
pathetic activation produced in response to hypotension can defend 
brain metabolism by causing hyperglycemia, just as it defends 
blood pressure by causing vasoconstriction. 


Hypoglycemia 


The administration of excess insulin or overproduction of endoge- 
nous insulin (e.g., insulinoma) induces hypoglycemia by increas- 
ing peripheral glucose use and by suppressing hepatic glucose 
production (Fig. 9-6). Because lowering the plasma glucose level 


FIGURE 9-6. Induction of hypoglycemia. The injection of large amounts of 
insulin suppresses hepatic glucose production (left, dashed arrow) and 
markedly increases glucose use by muscle and fat (lower right, dashed 
arrow), which combine to markedly lower plasma glucose (dashed circle). 
The fall in the plasma glucose level reduces glucose uptake by the brain 
(upper right, dashed arrow). The stress of severe sepsis produces a simi- 
lar suppression of hepatic glucose production, stimulation of glucose use. 
and fall of plasma glucose level. 
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reduces brain glucose uptake and because the central nervous sys- 
tem is dependent on glucose as its primary metabolic fuel, systemic 
hypoglycemia induces a state of central glucose deficiency known 
as neuroglucopenia. Traditionally, central glucose receptors were 
thought to be the sole stimulus for activation of the neuroendocrine 
system. Recent evidence suggests the participation of hepatic por- 
tal vein glucose sensors.°°*! This activation does not produce the 
hyperglycemia seen in other types of stress, but rather it prevents 
the development of more severe hypoglycemia and eventually re- 
stores euglycemia (Fig. 9-7), by stimulating hepatic glucose pro- 
duction and by impairing insulin’s stimulation of peripheral glu- 
cose uptake. 

The neuroendocrine activation includes increased activity of 
the hypothalamic-pituitary-adrenal axis as reflected by increases of 
circulating ACTH and glucocorticoids. Hypoglycemia also stim- 
ulates the secretion of growth hormone from the anterior pituitary 
gland. Both glucocorticoids and growth hormone impair insulin’s 
action to stimulate peripheral glucose uptake. In addition, gluco- 
corticoids help sustain increased hepatic glucose production by 
inducing gluconeogenic enzymes. Both hormones have a relatively 
slow onset of action and thus do not contribute significantly to the 
rapid reversal of hypoglycemia? (see Chap. 31). In contrast, 
glucagon and epinephrine have rapid actions to stimulate hepatic 
glucose production, and thus mediate the acute restoration of 
euglycemia. In addition, epinephrine, like glucocorticoids and GH, 
impairs insulin-stimulated glucose uptake. Available evidence sug- 
gests that glucagon is the primary factor mediating rapid glucose 
recovery. and that epinephrine becomes critical only when the 
glucagon response is impaired (see Chap. 31). Other mechanisms 
including the sympathetic nerves to the liver might also contribute 
to glucose recovery, because they are activated during central neu- 
roglucopenia;** however, their contribution is currently unknown. 
The sympathetic nerves innervating the kidney are also activated 
during hypoglycemia™ and may contribute to glucose counterregu- 
lation by stimulating gluconeogenesis in the kidney. 

There is evidence that both the sympathetic and parasympa- 
thetic nerves that innervate the pancreas are activated during hypo- 
glycemia, and that this autonomic neural activation, together with 
the sympathetic neurohormone epinephrine, mediates the glucagon 
response.™" Although it has been known for 70 years that hypo- 
glycemia activates the adrenal medulla,” it has only recently been 


FIGURE 9-7. Recovery from hypoglycemia. The low plasma glucose level 
following insulin injection activates the neuroendocrine system and thereby 
stimulates hepatic glucose production (left, dashed arrow). These neu- 
roendocrine factors also impair insulin-stimulated muscle glucose use, 
which helps, with the falling insulin level, to restore glucose use toward 
normal (lower right arrow). Both these effects help return plasma glucose 
toward basal levels (dashed circle). 
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demonstrated that hypoglycemia also activates the sympathetic 
nerves of the pancreas. For example, neuroglucopenia induced by 
administration of the nonmetabolizable glucose analog 2-deoxy-b- 
glucose increases the spillover of norepinephrine from the sympa- 
thetic nerves of the pancreas, demonstrating their activation during 
neuroglucopenia.” This activation is due to a central reflex and is 
specific for neuroglucopenia. Two other stresses, hypotension and 
hypoxia, do not increase pancreatic norepinephrine spillover.** 
Activation of pancreatic sympathetic nerves has also been demon- 
strated during insulin-induced hypoglycemia. In dogs, this activa- 
tion releases the peptidergic neurotransmitter galanin”? as well as 
norepinephrine from the pancreas.” 

Pancreatic parasympathetic nerves are known to be activated 
during the ingestion of food and this activation contributes to meal- 
induced insulin secretion.°'** However, neuroglucopenia is the 
only stress known to activate the pancreatic parasympathetic 
nerves.” Current indices of the activity of pancreatic parasympa- 
thetic nerves are less direct than the use of pancreatic norepineph- 
rine release to assess sympathetic activation, The problem is that 
the parasympathetic neurotransmitter acetylcholine is rapidly 
degraded in plasma, and therefore, its release from the pancreas is 
extremely difficult to measure. However, pancreatic polypeptide 
(PP), a peptide hormone produced by the F cells of the endocrine 
pancreas, is known to be under strong parasympathetic contro] and 
is therefore a useful index of the activity of pancreatic parasympa- 
thetic nerves.™ The secretion of PP increases dramatically during 
hypoglycemia in rodents,°* monkeys,®” and humans. This in- 
creased PP secretion is blocked by either surgical vagotomy or 
cholinergic antagonists, demonstrating that the PP response to 
hypoglycemia is mediated by parasympathetic cholinergic activa- 
tion. Thus, there is evidence that all three autonomic inputs, sym- 
pathetic neurohormone (adrenal catecholamine) secretion, sympa- 
thetic nerves, and parasympathetic nerves (Fig. 9-8), are activated 
during hypoglycemia.”*” Furthermore, since all three autonomic 
inputs are known to stimulate glucagon secretion,’ activation of 
these neural inputs would contribute to the glucagon response to 
hypoglycemia, Therefore, autonomic activation is likely to con- 
tribute to glucose recovery through the stimulation of glucagon 
secretion. 

Despite this evidence for autonomic mediation of the glucagon 
response, it is known that exposure of the islet to low glucose con- 
centrations can directly stimulate glucagon secretion,” even in the 
absence of neural activation, suggesting that autonomic neural acti- 
vation may not be required to increase glucagon secretion during 
systemic hypoglycemia, In accord with this observation, a number 
of early studies, primarily in humans, did not find a significant au- 
tonomic contribution to the glucagon response to hypoglycemia.” 
In many of these experiments one or two, but usually not all three, 
of the autonomic inputs to the pancreas were pharmacologically 
blocked or surgically ablated.*°“ However, if there is redundancy 
in the autonomic stimulation of glucagon secretion, then this par- 
tial blockade would be insufficient to prevent autonomic mediation 
of the glucagon response. 

In more recent experiments, the activation of all three auto- 
nomic inputs to the pancreas has been interrupted in order to 
assess the autonomic contribution to the glucagon response to 
insulin-induced hypoglycemia. In several of these studies gan- 
glionic antagonists, such as hexamethonium or timethaphan, were 
used to pharmacologically impair the activation of the autonomic 
inputs to the pancreas, because activation of all three inputs involves 
neurotransmission across nicotinic ganglia (Fig. 9-8). Ganglionic 
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Glucagon 


FIGURE 9-8. Three autonomic inputs to the islet. (1) Preganglionic sympa- 
thelic nerves travel in the spinal cord and innervate the celiac ganglia, 
which supply the postganglionic sympathetic fibers that innervate the pan- 
creas. These nerves release norepinephrine (NE), and in some species, 
galanin (GAL). (2) Preganglionic parasympathetic nerves travel in the 
vagus and innervate intrapancreatic, parasympathetic ganglia, which send 
postganglionic parasympathetic fibers to the islet and exocrine tissue. 
These nerves release acetylcholine (ACh) and vasoactive intestinal peptide 
(VIP). (3) Preganglionic sympathetic nerves from the spinal cord innervate 
the adrenal medulla and stimulate the release of the sympathetic neurohur- 
mone epinephrine (EPI), which reaches the islet via the arterial circulation. 
Each of these three autonomic inputs to the pancreas is activated by hypo- 
glycemic stress; other stresses rarely activate autonomic inputs besides the 
sympathetic neurohormone epinephrine. These redundant autonomic path- 
ways can be blocked ( ~) either at the ganglionic level by a nicotinic antag- 
onist like hexamethonium (HEX), or by surgical disruption (X) of the pre- 
ganglionic parasympathetic nerves traveling in the vagus (VAGX) and 
preganglionic sympathetic nerves traveling in the spinal cord (CORDX), or 
by lesioning the autonomic control centers in the ventromedial hypothalu- 
mus (VMHX). The islet effects of NE and ACh, but not the neuropeptides 
GAL or VIP, can be blocked by adrenergic and muscarinic antagonists. 


blockers were found to significantly impair the glucagon response 
to insulin-induced hypoglycemia in dogs,’ mice, and rhesus 
monkeys.”” In other studies, the combined surgical interventions 
of vagotomy and sympathectomy in anesthetized dogs”! or elec- 
trolytic lesions of the ventromedial hypothalamus in rats’? 
markedly reduced glucagon responses to hypoglycemia. Using a 
different approach, it was shown that preventing central, but not 
peripheral, hypoglycemia impaired both parasympathetic (PP) and 
sympathoadrenal (epinephrine) responses and abolished the 
glucagon responses to hypoglycemia. Thus, evidence from a va- 
riety of animal studies suggested that autonomic neural activa- 
tion mediates a significant portion of the glucagon response to 
hypoglycemia. 

The hypothesis of redundant autonomic stimulation of 
glucagon secretion during hypoglycemia has gained recent sup- 
port. For example, neither methylatropine nor a- and B-adrenergic 
blockade alone significantly reduced the glucagon response to 
hypoglycemia in conscious rats, whereas together they inhibited 
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the response by 75%.’* In mice, there is partial redundancy, 
because either atropine or combined adrenergic blockade alone 
significantly reduced the increase of plasma glucagon during 
insulin-induced hypoglycemia, whereas together they completely 
prevented the response.” Furthermore, there is also redundancy 
within the sympathoadrenal system itself in dogs since neither 
adrenalectomy nor surgical denervation of the pancreas alone in- 
hibited the increase of glucagon secretion during hypoglycemia in 
vagotomized animals, but the two interventions together eliminated 
the glucagon response.” Although the older evidence for auto- 
nomic mediation of the glucagon response to hypoglycemia in 
humans was less compelling, studies with ganglionic blockade”® 
and two studies of patients with chronic autonomic disease’””* 
suggested autonomic mediation. Furthermore, hypoglycemia- 
associated autonomic failure in human subjects (see Chap. 31), 
which reduces both parasympathetic and sympathoadrenal (epi- 
nephrine) responses, was also shown to reduce the glucagon 
response to a subsequent episode of hypoglycemia.” In contrast, 
combined adrenergic and muscarinic blockade did not affect the 
glucagon response to insulin-induced hypoglycemia in hu- 
mans,*”*! suggesting either that the response is not autonomically 
mediated or alternatively that neuropeptides, such as vasoactive 
intestinal peptide (VIP), participate in the neural mediation of the 
glucagon response to hypoglycemia. Indeed, VIP is localized in 
pancreatic nerves, is released from the pancreas during vagal nerve 
stimulation, and stimulates glucagon secretion." Classical mus- 
carinic or adrenergic antagonists would not block the effects of 
neuropeptides on glucagon secretion. 

More recently, a definitive study was conducted to investigate 
the autonomic neural contribution to the glucagon response to 
hypoglycemia in humans. In this study the ganglionic blocker 
trimethaphan was infused to impair the activation of all three auto- 
nomic inputs to the pancreas in nondiabetic human subjects. 
Ganglionic blockade was verified by marked reductions in the 
plasma epinephrine, norepinephrine, and PP responses to hypo- 
glycemia. During ganglionic blockade, the glucagon response to 
matched levels of hypoglycemia was reduced by 80% (Fig. 9-9). 
Thus this study demonstrated in humans, as previously docu- 
mented in animals, that activation of the autonomic nervous system 
mediates the majority of the glucagon response to hypoglycemia. 

Since the glucagon response to insulin-induced hypoglycemia 
is impaired in type 1 diabetes mellitus, the possibility that auto- 
nomic defects may cause part of this impairment has recently been 
suggested.” Alternative explanations for the impairment of the 
glucagon response in diabetes include impaired a-cell recognition 
of hypoglycemia*™* or defects related to B-cell loss in type | 
diabetes.**“*’ The problem with the autonomic explanation is that 
classic diabetic autonomic neuropathy (DAN) is thought to occur 
primarily in diabetes of long duration (>15 years), whereas loss 
of the glucagon response to insulin-induced hypoglycemia can 
occur relatively early in the course of the disease (within the first 
5 years). However, more sensitive tests of autonomic function have 
demonstrated autonomic impairments that occur well before the 
classical criteria for DAN.” Thus, it remains possible that the 
progressive loss of the glucagon response to insulin-induced hypo- 
glycemia seen in conventionally treated patients with type 1 
diabetes is related to a concomitant impairment of the autonomic 
inputs to the islet. 

Further, with the advent of intensive insulin treatment, there 
appears to be a more rapid loss of the glucagon response to insulin- 
induced hypoglycemia. Since intensive insulin treatment is associ- 
ated with increased episodes of hypoglycemia® and since prior 
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FIGURE 9-9. Pancreatic polypeptide. epinephrine, and glucagon concentra- 
tions in the peripheral plasma of seven women before. during, and after a 
period of 2.5 mmol/L hypoglycemia (HYPOG; vertical dashed lines) dur- 
ing either a saline infusion (solid squares) or ganglionic blockade with 
trimethaphan (open circles). (Adapted from Taborsky, et al.) 


hypoglycemia can diminish the autonomic response to insulin- 
induced hypoglycemia,’””**” it appears that the rapid loss of the 
glucagon response to insulin-induced hypoglycemia in intensively 
treated patients may be secondary to a hypoglycemia-associated 
autonomic failure. 


Chapter 9 


Finally, while marked B-cell loss is associated with rapid loss 
of the glucagon response to insulin-induced hypoglycemia in an 
animal model of type | diabetes,”' B-cell destruction may also be 
associated with loss of islet nerves. Thus, older data? and very 
recent data”? suggest rapid loss of islet sympathetic nerves in BB 
diabetic rats. Whether this early sympathetic islet neuropathy 
contributes to the loss of the glucagon response to insulin-induced 
hypoglycemia is currently untested, but it clearly demonstrates that 
not all forms of diabetic autonomic neuropathy are slow in onset. 

In conclusion, hypoglycemia activates some of the same neu- 
roendocrine mechanisms activated by other stresses. In addition, it 
activates both the sympathetic and the parasympathetic nerves 
innervating the pancreas. Evidence from experiments in non- 
diabetic animals demonstrates that combined autonomic activation 
redundantly mediates the majority of the glucagon response to 
hypoglycemia in a number of species. More recent evidence from 
human studies supports a similar mechanism. The glucagon 
response in turn is critical for the rapid stimulation of hepatic 
glucose production during hypoglycemia, which helps restore 
euglycemia. Because the glucagon response to hypoglycemia is 
impaired in type 1 diabetes, autonomic defects, in addition to 
B-cell and a-cell defects, may contribute to this impairment. 


Cold Stress 


The exposure of many warm-blooded animals, including humans, 
to a cold environment for a period of hours (acute cold exposure) 
produces a neural, hormonal, and metabolic stress response that 
helps meet the new demands for increased thermogenesis and 
conservation of body heat. If the environmental challenge is not too 
severe and the animal’s compensatory systems are intact, then a 
sustained fall in body core temperature will be avoided despite a 
lowering of skin temperature. In these animals, continued exposure 
to a cold environment for weeks will produce acclimation to the 
cold environment characterized by replacement of shivering ther- 
mogenesis with nonshivering thermogenesis. In contrast, if the 
cold environment is too severe or if the animal’s thermoregulatory 
system has been impaired, body temperature will drop, resulting in 
hypothermia. Each of these states, acute cold exposure, cold accli- 
mation, and hypothermia, is characterized by specific neural, 
hormonal, and metabolic responses. Acute cold exposure is most 
similar to the other acute stress states previously discussed. 

Acute cold exposure activates the sympathetic nervous system 
as reflected by an increase of plasma norepinephrine. The activa- 
tion of the adrenal medulla, however, is not a central feature of the 
response, being elevated primarily during more severe forms of 
cold exposure. Pituitary stress hormones including GH, ACTH, and 
TSH can be elevated if the cold exposure is severe. Surprisingly, 
thyroid hormones are usually not elevated despite their acknowl- 
edged role in energy production (for explanation, see below). Glu- 
cocorticoids are elevated. Acute cold exposure consistently stimu- 
lates glucagon secretion either without a significant change of 
basal insulin or with a significant decrease of the plasma insulin 
level. Acute, moderate cold exposure produces little change of 
plasma glucose or plasma free fatty acids despite clear increases in 
oxygen consumption and despite increases of both free fatty acid 
and glucose turnover like those seen during exercise (Fig. 9-4). 
More severe cold exposure can sometimes produce increases of 
both the plasma glucose and free fatty acid levels. 

Hepatic glucose production is usually increased during acute 
cold exposure (Fig. 9-4). Presumably, the increase of glucagon 
coupled with the restraint of insulin secretion contributes to the 
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stimulation of hepatic glucose production. Catecholamines ma‘ 
also contribute, but epinephrine, the most glycogenolytic of th 
two major endogenous catecholamines, is usually not elevated. Th 
sympathetic nerves of the liver may be activated,” as are nerve: 
innervating adipose tissue and muscle. The increase of hepatic 
glucose production is usually matched by an increase of glucose 
utilization during cold stress (Fig. 9-4). It is likely that the shiver- 
ing seen during acute cold exposure increases glucose uptake since 
muscle contraction, as it does during exercise, can increase glucose 
uptake in the absence of an increase of plasma insulin. 

The increase of sympathetic nervous activity during acute 
cold exposure may be more related to thermoregulation than to in- 
creased hepatic glucose production. In animals that have brown 
fat, locally released norepinephrine can dramatically increase heat 
production from this tissue. In animals and adult humans who do 
not have brown fat, norepinephrine can still increase heat produc- 
tion via B-adrenergic mechanisms. Activation of the sympathetic 
nerves innervating skin and the extremities during cold exposure 
causes the peripheral vasoconstriction that is essential for heat 
conservation. 

Chronic exposure to cold for a period of 4—6 weeks results in a 
sustained increase of oxygen consumption and heat production, 
which characterizes acclimation to the cold. However, plasma 
norepinephrine, plasma glucagon levels, and several other stress 
hormones tend to return to control levels after 4-6 weeks of cold 
exposure. Further, insulin secretion, which can be inhibited during 
acute exposure, tends to normalize during chronic cold exposure. 
Likewise, shivering, which characterizes the physical response to 
acute cold exposure, is diminished or absent during chronic cold 
exposure and is replaced by nonshivering thermogenesis. Although 
the levels of stress hormones decline during chronic cold exposure, 
their actions on metabolism and thermogenesis are enhanced. For 
example, the thermogenic response to exogenous catecholamine 
infusion is markedly increased in cold-acclimated animals. The 
role of thyroid hormones in mediating this increased sensitivity is 
unclear because T} levels are decreased in cold-acclimated 
humans, yet T, production, secretion, clearance, and turnover rate 
are all increased. 

The increase in stress hormone secretion seen during acute 
cold exposure and in stress hormone action seen during cold accli- 
mation are both impaired by hypothermia, in proportion to the 
decrease in core temperature. During severe hypothermia the 
decrease in organ temperature appears to directly suppress trans- 
mitter release from neurons, hormone secretion from endocrine 
glands, and substrate release from the adipose tissue, muscle, and 
liver. For example, hypothermia is used clinically to suppress 
metabolism in children during open heart surgery. A variety of 
measurements made in this clinical situation suggest that an im- 
pairment of insulin secretion, insulin action, and glucose metabo- 
lism leads to glucose intolerance and hyperglycemia (Fig. 9-10). 
However, it is not clear from these studies whether these changes 
of carbohydrate metabolism are due to anesthesia or hypothermia 
per se. Studies in animals have clarified the mechanisms for these 
effects. In general, hypothermia impairs insulin secretion. Whether 
or not this is a direct effect of hypothermia to induce hypofunction 
of pancreatic B cells or an effect mediated by circulating cate- 
cholamines may depend on the level of hypothermia achieved. For 
example, severe hypothermia can directly impair insulin secretion 
from isolated perfused pancreas, whereas the acute cold stress 
accompanying more moderate hypothermia increases plasma cate- 
cholamine levels that mediate a part of the impairment of insulin 
secretion. 
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FIGURE 9-10. Hypothermia and glucose turnover. The decrease of body and 
organ temperature during hypothermia stows all metabolic processes includ- 
ing hepatic glucose production (left, dashed arrow) and glucose usc by both 
brain (upper right, dashed arrow) and peripheral tissues (lower right 
arrow). The plasma glucose level can be unchanged or sometimes increased 
(dashed circle). However, carbohydrate tolerance is always severely im- 
paired because of the marked reduction of glucose use (right arrows). 


The resistance to insulin action in hypothermic animals and 
humans probably has two causes: a direct suppressive effect of 
hypothermia on insulin-sensitive tissues dominant during severe 
hypothermia, and a B-adrenergically mediated inhibition of 
insulin-stimulated glucose uptake dominant during moderate 
hypothermia. This impaired insulin action, combined with im- 
paired insulin secretion, produces severe glucose intolerance in 
hypothermic subjects (Fig. 9-10). Indeed, patients undergoing 
hypothermia for surgery become markedly hyperglycemic when 
given relatively modest glucose infusions. Even without exogenous 
glucose, most hypothermic animals and patients are at least mildly 
hyperglycemic despite a direct suppressive effect of hypothermia 
on hepatic glucose production. 

During more severe hypothermia, these neural and hormonal 
factors may be directly suppressed by the effects of low organ 
temperature on secretory mechanisms. It should also be noted that 
anesthesia usually impairs the sympathetic activation that protects 
against hypothermia. This concept has two important implications. 
First, a level of cold exposure which would induce a stress re- 
sponse sufficient to maintain the core temperature in a conscious 
animal may result in moderate hypothermia in anesthetized ani- 
mals. Second, studies of cold exposure in anesthetized animals 
tend to find less activation of the sympathetic nervous system, less 
stimulation of stress hormones and metabolism, and more direct 
suppressive effects of hypothermia. 


Myocardial Infarction 


Acute myocardial infarction (MI) has been associated with stress 
hormone responses and stress hyperglycemia. as in hypoxia (Fig. 
9-5). Thus there is evidence that plasma catecholamines are 
elevated in patients admitted for MI. Although plasma norepineph- 
rine levels can be significantly higher than controls, the epineph- 
tine levels are more consistently elevated.” The elevation of 
plasma catecholamines is short-lived; it may normalize in 1-2 days 
after hospital admission. The adrenal cortical hormone cortisol is 
also increased within 6 hours of MI. The magnitude of the cortisol 
response is related to the size of the infarct and predicts mortality.”° 
The mechanism for the increasing cortisol is unclear because 
ACTH seems to be suppressed after MI despite elevations of both 
arginine vasopressin (AVP) and corticotropin-releasing hormone 


(CRH). Cortisol, AVP, and CRH fall toward normal between 1 and 
3 days after MI.°’ GH levels are elevated for the first week after 
uncomplicated MI. Plasma glucagon levels are also increased after 
MI and insulin secretion is impaired. As expected, these changes in 
stress hormone levels are accompanied by either mild hyper- 
glycemia or glucose intolerance. 

The mechanism of the increase of stress hormones during 
myocardial infarction is multifactorial. Although it is likely that the 
chest pain and general anxiety experienced by a patient undergoing 
an acute MI contributes significantly to the sympathetic activation 
detected immediately after the episode, direct experimental tests of 
this hypothesis in humans have suggested that cardiac ischemia 
rather than angina increases plasma norepinephrine.”* Nonetheless, 
the anxiety associated with a spontaneous MI can also contribute to 
the catecholamine response to MI. However, this contribution is 
relatively selective. Anxiety and fear usually result in increases of 
plasma epinephrine rather than norepinephrine. Because epineph- 
rine is the more potent of the two endogenous catecholamines in 
producing hyperglycemia, the addition of significant anxiety and 
fear to the other factors during MI has a disproportionate influence 
on the amount of stress hyperglycemia produced. 

In myocardial infarction patients with concomitant heart fail- 
ure, the plasma catecholamines on the day of admission and the 
few days thereafter are markedly higher than in patients who do not 
experience heart failure with the MI,” and heart failure without MI 
can increase plasma catecholamines and AVP.” It is likely that 
both the increased myocardial damage associated with heart failure 
as well as the hypotension present in patients with heart failure 
contribute to the higher elevations of plasma catecholamines and 
AVP seen in these patients.”*'™ In addition, the stress of hypoxia 
may also contribute in some severe cases of heart failure since this 
stress can independently activate the sympathetic nervous system 
and produce hyperglycemia. However, the threshold for the 
hypoxia-induced activation is high (see above), suggesting that 
severe heart failure would probably be necessary to impair oxygen 
delivery to the point where hypoxia per se would contribute signif- 
icantly to the other factors that activate the sympathetic nervous 
system during myocardial infarction. 

Recent studies suggest that cytokines are released in response 
to myocardial infarction, but their potential role in mediating the 
stress hormone response to MI has not been investigated. Certain 
cytokines may, however, mediate the tissue damage that is usually 
produced by MI. Interleukin-8 shows a transient rise during the 
very early phase of MI and has been suggested to attract and stim- 
ulate neutrophils, which may cause myocardial damage." IL-6 
levels are also elevated in MI patients upon hospital admission, but 
unlike IL-8, IL-6 levels remain elevated for weeks after an MI.'® 
Although the role of IL-6 in MI is unclear, it does stimulate the 
production of certain acute-phase proteins which may predispose 
to coronary thrombosis. Finally, there is evidence that circulating 
levels of tumor necrosis factor are elevated after MI. TNF levels 
peak within the first 24 hours after admission, and the magnitude of 
the TNF response is related to the creatine kinase response,” an 
index of infarct size. The elevations of TNF may contribute to car- 
diac tissue damage by activating leukocytes. Other studies find 
elevations of TNF only in severe MI accompanied by heart failure 
but not during uncomplicated MI.'™ Thus, certain cytokines are el- 
evated after MI. Since elevations of cytokines have been associated 
with the hormonal responses to other stresses, their potential role in 
contributing to the neuroendocrine and metabolic response to MI 
deserves investigation. 


Chapter 9 


Although there is little debate that the release of cytokines 
during myocardial infarction is detrimental, the effect of neuroen- 
docrine activation during MI can be viewed in two different ways. 
The potential benefit of such activation may come from the hyper- 
glycemia subsequently produced, since the heart itself becomes 
dependent on glucose as fuel during periods of hypoperfusion. 
Additionally, MI accompanied by heart failure may produce a 
significant hypotension, during which increased levels of circulat- 
ing glucose may compensate for the decreased cerebral perfusion 
rate. In contrast, others have viewed the neuroendocrine activation 
that accompanies MI as maladaptive. The increased circulating, 
and perhaps local, levels of catecholamines might increase heart 
rate and thus cardiac work when the delivery of the necessary 
metabolic fuel is already compromised. Further, elevated cate- 
cholamines increase the risk of fibrillation. 


Surgery 


Major surgery produces a response characterized by activation of 
the sympathetic nervous system and hyperglycemia (Fig. 9-5). A 
variety of old and new studies demonstrate that both clinica] and 
experimental surgery increase the release of the neurotransmitter 
norepinephrine from sympathetic nerves and the sympathetic neu- 
rohormone epinephrine from the adrenal medulla in proportion to 
the severity of the surgical stress.'°> Surgical stress also increases 
the release of cortisol from the adrenal cortex. The pancreatic 
hormone glucagon is increased, while insulin secretion shows 
relative inhibition. These neural and hormonal changes are the 
major contributors to the elevation of plasma glucose and lactate 
levels seen during surgical stress. 

Although it is often thought that the general anesthetics used 
during major surgery prevent the recognition of pain, it is clear that 
nociceptive stimulation is a major factor in the sympathetic activa- 
tion that occurs during surgical stress. For example, early experi- 
ments in animals have shown laparotomy produces an increase of 
plasma catecholamines that is reversed by the analgesic mor- 
phine.'® This action of morphine is blocked by the opioid antago- 
nist naloxone. In addition, morphine does not reverse the rise of 
plasma catecholamines induced by central glucopenia, '”’ demon- 
strating that its action is specific for nociceptive stress. Other early 
studies in humans suggest that activation of pain afferents during 
surgery causes activation of the sympathetic nervous system. For 
example, the catecholamine response to surgery on the lower half 
of the body is reduced by low spinal anesthesia,” which would be 
expected to block the afferent signals coming from the site of 
surgery but not the higher efferent sympathetic outflow. Recent 
studies on the effects of either high-dose opioid anesthesia or 
epidural anesthesia confirm and extend these findings. In brief, 
high-dose opioid anesthesia significantly reduces the sympathetic 
activation, the increase of stress hormones, and the metabolic 
responses accompanying cardiac bypass surgery on infants.'” 
Likewise, the plasma catecholamine response to vascular surgery 
on the lower extremities is markedly reduced by epidural anesthe- 
sia.''° Taken together, these studies emphasize that despite the 
unconsciousness induced by general anesthesia, nociceptive recep- 
tors are activated during surgery and send afferent signals to the 
brain, resulting in a classic stress response. Opiates can block the 
neurotransmission of these signals either at the spinal cord or brain. 

The clinical implications of these findings have only recently 
been recognized and documented. The evidence suggests that 
neuroendocrine responses to surgery are maladaptive and result in 
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significant morbidity and mortality. In adults, suppression of the 
neuroendocrine response to surgery is associated with a decreased 
incidence of hypertension, arterial thrombosis, postoperative cardio- 
vascular failure, and death.'’’ In newborns, suppression of the 
stress response decreases the incidence of sepsis, disseminated 
cardiovascular coagulation, and postoperative death,’ 

Although carefully designed animal and clinical studies sug- 
gest that nociceptive activation causes a stress response during 
surgery, common surgical procedures are frequently much more 
complex, being complicated by the effects of various anesthetics as 
well as other stresses that are associated with particular diseases. 
For example, different types of anesthetics vary in their suppressive 
effects on the sympathetic activation and hyperglycemia produced 
by stress. Pentobarbital anesthesia in dogs abolishes both the 
moderate plasma catecholamine response and moderate hyper- 
glycemia produced by central glucopenia in conscious animals.'!” 
In contrast, low-dose halothane, which produces full surgical anes- 
thesia, allows both a plasma catecholamine and plasma glucose 
response to moderate glucopenia similar to that of the conscious 
animal.''* Equally important is the dose of anesthetic. Studies with 
halothane and other inhalation anesthetics suggest that higher 
doses, not surprisingly, produce a progressive suppression of cer- 
tain neural reflexes, probably including the sympathetic response 
to surgical stress. Finally, nociception is not the only stimulus pres- 
ent; many surgeries are often complicated by the presence of other 
stresses. For example, surgical procedures that produce substantial 
blood loss are complicated by the stress of hemorrhagic hypoten- 
sion (see above). In addition, major thoracic or abdominal surgery 
can produce heat loss, and since many anesthetics impair auto- 
nomic thermoregulation, mild hypothermia can result.''* Indeed, in 
pediatric cardiac surgery, hypothermia is intentional and beneficial. 
Nonetheless, hypothermia can be a stress in itself (see above). 
Also, vascular bypass operations, most notably cardiopulmonary 
bypass, can occasionally result in release of inflammatory cy- 
tokines associated with use of bypass pumps’! or the reperfusion 
of ischemic tissue. Finally, surgery in the gastrointestinal tract has 
the potential for infection secondary to the release of endogenous 
bacteria and endotoxins from the gut, and postsurgical infections 
from exogenous organisms can significantly complicate the stress 
response following surgery (see below). 

After the surgery is over and the anesthetic has been discontin- 
ued, the stress response can in fact increase, because much of the 
nociceptive stimulation is still present but the suppressive effects 
of the anesthesia are not. Therefore, there can be a large increase in 
plasma catecholamines, cortisol, and other stress hormones during 
the immediate postsurgery period. The rapid action of cate- 
cholamines and the delayed effects of cortisol and growth hormone 
can sometimes lead to hyperglycemia but more often to glucose in- 
tolerance (Fig. 9-2), either of which may resolve when the noci- 
ceptive stimulation of the counterregulatory hormones wanes. 
Therefore, analgesics in the postoperative period would be ex- 
pected to reduce plasma catecholamines, '!® GH, and cortisol levels 
and accelerate the restoration of normal glucose tolerance, in addi- 
tion to reducing the morbidity and mortality. Indeed, recent studies 
have emphasized the need and potential strategies to reduce post- 
surgical stress during early recovery. Several of the studies, cited 
above, that demonstrated low postoperative complication rates 
included the administration of postoperative analgesics, some 
under patient control. Thus, the understanding of the mechanism 
of the stress response to surgery is beginning to have significant 
clinical impact. 
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Sepsis 


The glucose response to sepsis can be qualitatively different depend- 
ing on the time elapsed since the initial septic insult and its mag- 
nitude. Sepsis quickly produces a transient hyperglycemia! !”"''® 
similar to that of hypoxia (Fig. 9-5), which eventually resolves. 
Thereafter, plasma glucose can be normal if the sepsis is mild. De- 
spite this euglycemia, glucose utilization is usually increased! "°! E 
without a significant increase of insulin. Hepatic glucose production 
is also increased, but the counterregulatory hormones glucagon, 
epinephrine, or cortisol are not. It appears that both the increase of 
glucose production and utilization (Fig. 9-4) may be mediated by 
cytokines secreted from macrophages in response to infection.'”° 
One such cytokine, TNF, is released in response to bacterial endotox- 
ins and can increase the metabolic clearance rate of glucose.!7!"'”? 
Although it may not be the exclusive mediator of the increased 
glucose turnover observed during sepsis,” TNF in tum stimulates 
the release of certain interleukins (IL-1 and IL-6) which may help 
mediate its hypotensive effects and perhaps some of its effect on 
glucose uptake. 

During more chronic moderate infection, glucose production 
can be depressed.'** Such depression occurs despite a doubling or 
tripling of glucagon, cortisol, and plasma catecholamine levels. 
However, the elevated level of plasma catecholamines supports 
even this low level of glucose production. Infusions of medium 
doses of TNF can reproduce these effects on glucose metabolism 
and counterregulatory hormone secretion. 

When the infection is severe. hypoglycemia can ensue, proba- 
bly due to a further direct suppressive effect of endotoxin or 
cytokines on hepatic glucose production coupled with a further, 
stimulatory effect of TNF'?! and/or high plasma insulin'?* on 
peripheral glucose uptake. Glucose production is suppressed in this 
state in a manner similar to that which occurs during induction of 
hypoglycemia by insulin injection (Fig. 9-6). During chronic mod- 
erate sepsis, these effects occur despite increased circulating levels 
of glucagon and plasma catecholamines. 

Although shock is widely thought to cause the mortality seen 
in severe sepsis, it is not well recognized that hypoglycemia can 
also contribute. Thus prevention of hypoglycemia by exogenous 
glucose infusion decreases the incidence of mortality in anes- 
thetized animals with extreme sepsis. Animals that are able to 
mount a sufficient counterregulatory response to offset the suppres- 
sive effects of endotoxins and cytokines on hepatic glucose pro- 
duction and prevent hypoglycemia usually survive severe sepsis. 
Those that are not able to mount such a response die. High doses of 
either endotoxin or TNF,’?!!”* in addition to reproducing the 
hypotension characteristic of severe sepsis, can also reproduce the 
hypoglycemia. Furthermore, immunoneutralization of TNF re- 
duces the lethal effect of endotoxin,!”° suggesting a pathogenic 
role for TNF in the fatal combination of hypotension and hypo- 
glycemia of severe sepsis. Such studies dramatically illustrate the 
importance of glucose counterregulatory mechanisms in severe 
sepsis. 

In summary. sepsis initially produces a transient hyper- 
glycemia (Fig. 9-5) mediated by the low levels of macrophage 
factors released in response to the infection. If the sepsis is not 
quickly resolved, the secretion of the classic stress hormones is 
stimulated in an attempt to counterregulate the suppressive effects 
of accumulating levels of endotoxins and cytokines on hepatic glu- 
cose production so a precarious balance of euglycemia is struck 
(Fig. 9-4). As sepsis worsens and marked endotoxemia occurs, the 


activity of the sympathetic nervous system and the release of 
glucagon and cortisol are increased further, but may be over- 
whelmed, producing hypotension, hypoglycemia (Fig. 9-6), and 
eventually death. 


Burns 


Major burns produce a catabolic state reflected by a prolonged 
increase of the resting metabolic rate proportional to the area of the 
burn.'?’ The metabolic rate normalizes over 1-2 months following 
serious burns.'”’ The increase in oxygen consumption is not due 
to increased thyroid hormone levels, which are in fact suppressed 
in burn patients.” Hepatic glucose production is also usually 
increased in burn victims and accounts for the 1-2 weeks of mild 
hyperglycemia seen after severe burns (50% or more of the body 
surface area)!” (Fig. 9-11). The rate of glucose utilization is also 
usually elevated after bums!7*; this sometimes accounts for the eu- 
glycemia seen in the face of increased glucose production follow- 
ing less severe burns. The turnover of gluconeogenic amino acids 
(e.g., alanine) is increased after burns” and reflects accelerated 
het protein catabolism in peripheral tissues. This negative nitrogen 
balance and the potential loss of muscle are significant clinical 
problems in burn patients. 

Levels of stress hormones are usually elevated after severe 
burns. Thus plasma catecholamine levels are increased,’”* reflect- 
ing activation of the sympathetic nerves and the adrenal medulla. 
Both ACTH and glucocorticoids are increased markedly in burn 
stress?’ as is vasopressin. Baseline glucagon levels are also con- 
sistently elevated'*”'*® as are glucagon responses to the amino 
acid arginine. In contrast, GH and its mediator, insulin-like 
growth factor 1 (IGF-1), are low in bum patients!”? for unknown 
reasons. 

It is likely that most of the stress hormones contribute in differ- 
ent ways to the hypermetabolism and increased glucose production 
characteristic of bum stress. For example, combined adrenergic 
blockade tends to normalize resting metabolic rate, suggesting a 
significant contribution of increased sympathetic tone to the ele- 
vated metabolic rate of bum patients.” Platelet-activating factor 


FIGURE 9-11. Burn (late) and glucose turnover. After the acute stress re- 
sponse to bum subsides. a later hypermetabolic phase ensues. It is charac- 
terized by increased glucose production by the liver (left, dashed arrow) 
and increased glucose utilization both by muscle and injured tissues (lower 
right, dashed arrow). Increased glucose turnover is therefore present late 
in burn stress, usually accompanied by a mild hyperglycemia (dashed cir- 
cle). Protein turnover is also increased, which supplies the amino acids for 
gluconeogenesis and tissuc repair. but which also can eventually lead to 
muscle wasting. The stress of severe trauma can show a similar hypermeta- 
bolic phase late. after the acute stress response subsides. 
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(PAF) may mediate the activation of the sympathetic nervous 
system since a PAF antagonist reduces the plasma catecholamine 
response to bum stress. Cytokines released from activated 
macrophages may contribute to the activation of the sympathetic 
nervous system, the increased secretion of counterregulatory hor- 
mones, and the hypermetabolism of bum stress. Indeed, plasma 
levels of IL-6 and IL-2 are elevated in proportion to the area of the 
burn,”?! while elevations of TNF-a may be more related to the 
common complication of sepsis.'* 

The stimulation of hepatic glucose production by elevated 
glucagon levels clearly makes a substantial contribution to the hy- 
perglycemia of burn stress since suppression of glucagon secretion 
not only reverses the elevated rate of glucose production, but also 
necessitates the infusion of glucose to prevent hypoglycemia.'”* 
The sympathetic nervous system also contributes since PAF antag- 
onists, which reduce the plasma catecholamine but not the 
glucagon response to burn stress, prevent part of the hyperglycemic 
response as well. Finally, the high plasma levels of glucocorticoids 
probably contribute to the increased glucose production, both indi- 
rectly by increasing proteolysis and thereby the plasma levels of 
gluconeogenic amino acids, and directly by inducing gluco- 
neogenic enzymes. Suppressed GH secretion may allow increased 
proteolysis and plasma amino acid levels. Indeed, recently GH 
treatment has been used to limit protein catabolism’? and acceler- 
ate donor skin healing.'** Both of these beneficial effects may be 
due to stimulation of protein synthesis via IGF-1.'*° 

Despite the elevated levels of catecholamines, plasma insulin 
levels are normal or even elevated in bum stress. These elevated 
levels of plasma insulin contribute significantly to the increased 
glucose uptake observed in bum stress, since suppression of insulin 
secretion with somatostatin leads to a significant fall in the meta- 
bolic clearance rate for glucose.'?* Despite the clear effect of 
elevated insulin on glucose uptake, the other major anabolic effects 
of insulin (i.e., inhibition of lipolysis and proteolysis) do not ap- 
pear to be fully expressed, as indicated by increased plasma levels 
of free fatty acids and increased turnover of plasma alanine. Per- 
haps sympathetic stimulation of adipose tissue and glucocorticoid 
stimulation of muscle proteolysis partially overcomes these ex- 
pected inhibitory effects of insulin. 

Although burn stress can be characterized by the features listed 
above, it is important to recognize that these responses can also be 
due to the presence of other stress. For example, severe burns can 
produce an acute shock-like hypotension, which by itself (see 
above) can activate the sympathetic nervous system. Indeed, vol- 
ume and electrolyte replacement, which help reverse hypotension, 
are recognized as essential for the management of burns. In addi- 
tion, the loss of large amounts of burned skin removes an important 
barrier to infection and frequently leads to sepsis. Recently, it has 
been recognized that the inflammatory response to bums itself can 
result in sepsis without external infection, due to translocation of 
gut bacteria. As reviewed above, sepsis evokes a set of stress 
responses that include some of those described for bum stress. 
Thus, the potential presence and contribution of sepsis complicates 
the interpretation of clinical studies of burn stress. 


Trauma 


Major trauma such as multiple large-bone fractures, multiple organ 
injuries, or head injury can quickly cause a stress response similar 
to those produced by many other stresses (Fig. 9-5). Later, it pro- 
duces a catabolic state like that of burn stress (Fig. 9-11). 
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Trauma usually activates the sympathetic nervous system. h 
head injury patients, the degree of elevation of plasma norepineph 
rine and epinephrine is correlated with the size of brain injury a: 
assessed by CT scan.” In multiple-system trauma, the degree o 
elevation of norepinephrine and sometimes epinephrine is associ- 
ated with the severity of the injury.'*’ Trauma acutely elevate: 
plasma ACTH and cortisol levels, but these can normalize within z 
week of the injury. In contrast, GH is suppressed during major 
trauma,'*® as it appears to be in burn stress. The pancreatic hor- 
mone glucagon is elevated by trauma, and plasma insulin levels are 
depressed." 

Trauma produces mild to marked fasting hyperglycemia, 
depending on the severity of the injury. !?™!® The degree of hyper- 
glycemia increases with the age of the subject, probably secondary 
to the insulin resistance found in the elderly. When mild hyper- 
glycemia is present, there is still a large increase in glucose 
tumover due to elevation of hepatic glucose production that is 
partially offset by an increase of non-insulin-mediated uptake (Fig. 
9-11). The turnover of amino acids is also increased in major 
trauma as it is in burn stress. This results in significant negative 
nitrogen balance in these patients. Studies simulating the hormonal 
pattern observed during major trauma suggest that the early sup- 
pression of insulin secretion significantly augments the ability of 
cortisol and glucagon to produce whole-body nitrogen loss.'*! 
Although the role of GH in the negative nitrogen balance of major 
trauma has not been extensively studied, the inhibition of GH 
secretion during major trauma may make a significant contribution. 
Other stresses associated with negative nitrogen balance also have 
low GH levels, and GH treatment significantly ameliorates the neg- 
ative nitrogen balance.'** Indeed, the suggestion has been made 
that GH improves nitrogen balance, but probably at the expense of 
hyperglycemia in major trauma patients. "8 

One mechanism for the stimulation of the autonomic ner- 
vous system and activation of the stress response appears to be 
the pain associated with major trauma. As in surgical stress, such 
nociceptive stimulation can lead to neural, hormonal, and meta- 
bolic responses even during impaired cerebral cortical function 
and loss of consciousness. In addition, if the patient were con- 
scious, the anxiety associated with major trauma would be ex- 
pected to activate the sympathetic nervous system, primarily the 
adrenal medulla. 

Depending on the type of trauma there can be stimuli, in addi- 
tion to the pain associated with the trauma, that contribute to the 
activation of the neuroendocrine system. These include the surgery 
sometimes necessary to repair organ or limb injury. Also, severe 
head and neck injuries can sometimes result in impaired autonomic 
regulation of blood pressure and body temperature, resulting in the 
additional stress of hypotension or hypothermia. 

The stress response to major trauma can be prevented by re- 
versing or blocking the set of stimuli specific for that trauma and its 
associated complications. For example, analgesics can be expected 
to reduce the nociceptive stimulation caused by both the original 
trauma and the subsequent surgery, and therefore may reduce the 
neuroendocrine response. Furthermore, maintenance of body tem- 
perature and blood pressure would prevent the effects of hypother- 
mia or hypotension. However, blocking or reversing the stimuli for 
neuroendocrine activation is not the only way to correct the nega- 
tive nitrogen balance found in trauma patients. Administering 
exogenous insulin would help decrease net amino acid mobiliza- 
tion from muscle and reduce hyperglycemia. Growth hormone 
administration may also decrease protein turnover and muscle 
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wasting via IGF-1. However. the positive effect of GH on nitrogen 
balance may be at the expense of further hyperglycemia, since GH 
directly antagonizes the action of insulin on glucose uptake. 


STRESS-INDUCED HYPERGLYCEMIA 
IN DIABETES MELLITUS 


Type 1 Diabetes Mellitus (T1DM) 


Type | diabetes mellitus is characterized by an islet lesion leading 
to markedly impaired insulin secretion with eventual death and loss 
of almost all of the islet B cells. It often presents as diabetic coma 
with ketoacidosis, which was thought to indicate almost total 
permanent destruction of the islet B cells at the time of diagnosis. 
However, it is now apparent that restoration of some islet cell func- 
tion is quite common. It is the restoration of this function that is 
responsible for the “honeymoon” phase. This restoration could be 
due to recovery from a virally induced or autoimmune type of 
injury. However, neuroendocrine findings during acute ketoacido- 
sis suggest that a type of stress response is responsible for part of 
the abnormalities found in the acute ketoacidosis syndrome, and 
reduced neuroendocrine stress hormones may also be important to 
this improvement. 

Elevated levels of catecholamines, cortisol, GH, and glucagon 
are characteristic of diabetic ketoacidosis.'*? Treatment with intra- 
venous fluids alone without insulin will reduce the hyper- 
glycemia, fatty acid mobilization, and ketogenesis (Fig. 9-12).'** 
These findings suggest that elevation of these counterregulatory 
hormones is responsible for converting rather severe insulin defi- 
ciency without ketoacidosis to decompensated hyperglycemia 
with ketoacidosis. Confirming this concept, it has been shown that 
R-adrenergic blocking agents are effective in reducing elevated 
fatty acid mobilization in ketoacidosis." Because many type 1 
diabetic patients present to the physician without ketoacidosis, we 
have suggested that insulin deficiency of the magnitude usually 
observed is a necessary but not a sufficient explanation for the 
ketoacidosis syndrome. We believe that volume depletion and ac- 


FIGURE 9-12. The effect of intravenous fluid therapy without insulin in se- 
vere diabctic hyperglycemia. Note the marked suppression of norepineph- 
rine (NE). epinephrine (E), and glucose (BG), indicating volume depletion 
as an important cause of the marked elevation of these and other counter- 
regulatory hormones in decompensated diabetes. The levels eventually 
achieved by fluid therapy alone are shown as the equilibrium value. (Modi- 
fied with permission from Waldhause W, Kleinberger G, Korn A, et al: Se- 
vere hyperglycemia: Effects of rehydration on endocrine derangements and 
blood glucose concentration. Diabetes 1979;28:577.) 
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tivation of baroreceptor-mediated stimulation of the autonomic 
nervous system and the hypothalamopituitary axis are necessary 
additional factors in initiating ketoacidosis. 

We have suggested that B-cell injury leads to impaired insulin 
secretion that is partially compensated by the hyperglycemia that 
follows. When the hyperglycemia becomes of sufficient magnitude 
to lead to glycosuria and electrolyte loss, it is the subsequent vol- 
ume depletion associated with this excretion of glucose that acti- 
vates the counterregulatory hormones epinephrine, glucagon, GH, 
and cortisol to produce the full-blown diabetic ketoacidosis syn- 
drome. Of course, any other stimulus to the sympathetic system, 
such as trauma or burn, would lead to the same problems in under- 
insulinized patients. This concept may explain why low-dose 
insulin has become so effective in the treatment of ketoacidosis. It 
may be partly because such therapy is usually associated with 
vigorous replacement of fluid and electrolyte losses. This treatment 
minimizes volume depletion and restores elevated counterregula- 
tory hormones toward normal.'*? Such fluid replacement reduces 
the insulin resistance induced by these hormones and possibly 
allows for improved insulin secretion from residual B cells. Thus, 
ketoacidosis in type 1 diabetes would be characterized as a 
sequence of events in which insulin deficiency leads to hyper- 
glycemia, which leads to glycosuria, volume depletion, activation 
of the autonomic and pituitary hypothalamic axes, mobilization of 
fatty acids, increased hepatic glucose and ketone production, and 
ketoacidosis. In this context, diabetes mellitus is a form of stress, 
and there is a vicious cycle in which the underlying pancreatic 
abnormality leads to hyperglycemia, which leads to a neuroen- 
docrine stress response, which leads to more hyperglycemia and 
eventual ketoacidosis. This phenomenon is more likely to occur in 
type 1 diabetes because of the efficient excretion of glucose in the 
younger age group coupled with the greater severity of insulin 
deficiency. In some circumstances, it would appear that ketoacido- 
sis could occur even in the presence of “normal” levels of basal 
insulin being overwhelmed by increased levels of catecholamines, 
GH, cortisol, and glucagon. We have documented such an instance 
in which a patient who had basal insulin levels that were apparently 
normal, but in fact were low given the associated hyperglycemia 
(Fig. 9-13). This patient went from hyperglycemia and glycosuria 
without ketosis to full-blown ketoacidosis without any further 
change in plasma insulin.'“* This would seem to indicate that 
ketoacidosis can develop because of increased stimulation of lipol- 
ysis rather than further insulin deficiency. 

Some experimental efforts have been directed to the study of 
whether psychologic stress can influence ketoacidosis in suscepti- 
ble patients. Based upon the observation that poorly controlled 
type I diabetic patients develop elevated ketone body levels during 
stress interviews, two difficult-to-manage patients with recurrent 
acidosis thought to be related to psychological factors in their envi- 
ronment were treated with oral propranolol therapy. '** The ration- 
alization was that catecholamine-induced lipolysis would be 
prevented, so that episodes of poor diabetes control would not be 
associated with ketoacidosis. In these two patients, this treatment 
was associated with marked reduction of the frequency of hospital- 
ization for ketoacidosis, in contrast to other forms of therapy 
directed at reducing the environmental stress factors in these 
patients’ lives. This form of therapy has obvious problems because 
of its potential to enhance hypoglycemia unawareness in insulin- 
treated patients and is not recommended as therapy for such indi- 
viduals. However, it does indicate, as do the findings during stress 
interviews, that type | diabetic patients are particularly sensitive to 
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FIGURE 9-13. Ketoacidosis in a patient with sustained insulin secretion. 
Note the effect of high-dose prednisone to exaggerate hyperglycemia mini- 
mally, until insulin secretion fails to keep up between days 5 and 40. Acido- 
sis does not develop until day 69 without any further decline in basal in- 
sulin. After splenectomy and discontinuance of prednisone. hyperglycemia 
completely disappeared. (Reprinted with permission from Porte, et al.” ) 


activation of the autonomic and hypothalamopituitary systems. 
Attempts to quantitate this phenomenon in insulin-treated, type 1 
diabetic patients have been made and are consistent with such a 
hypothesis. It has been shown, for example, that hyperglycemia 
induced by cortisol, epinephrine, or glucagon is exaggerated in 
type 1 diabetic patients, and this is particularly true during periods 
of relatively poor diabetes control.'*© For this reason, a variety of 
stress states are associated with increased need for insulin in such 
patients. It is also commonly observed that deterioration of 
diabetes control is likely during episodes of sepsis, burn, hypoxia, 
hypotension, or vascular accidents in insulin-treated diabetic 
patients. The presumption is that although normal subjects will 
have impaired insulin secretion during these stress states, the islet 
will tend to adapt to some degree due to the ability of B-adrenergic 
stimulation and glucose to modulate the a-adrenergic effects of 
catecholamines on the islet. Although the same adrenergic effects 
to increase hepatic glucose mobilization and impair peripheral 
insulin-mediated glucose uptake will be observed in type 1 diabetic 
patients, the simultaneous modulation of this phenomenon by 
B-adrenergic and glucose stimulation of insulin secretion does not 
occur, and more severe glycemia would be predicted. Treatment of 
these distorted relationships in type 1 diabetes mellitus will be 
discussed later. 


Potential Role in the Etiology 

of Type 1 Diabetes* 

Islet injury and destruction are now known to precede the onset 
of clinical hyperglycemia and take place over a much longer period 


* Reprinted from ref. 151. pp. 533-534, courtesy of Marcel Decker, Inc. 
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of time than is clinically apparent. This immune injury is indicate 
by the presence of islet cell antibodies and insulin autoantibodie: 
which appear several years before the diagnosis of type I diabete 
mellitus'*”'“8 (see Chap. 20). In addition, reduced insulin re 
sponses to intravenous glucose also appear months to years prior t 
severe hyperglycemia.” 

The reasons for the activation of this destructive process ar 
unknown but are believed to represent the activation of an autc 
immune state followed by an imbalance between T-helper an 
T-suppressor cells and the susceptibility or resistance of islet B cell 
to injury.'*° Because some stress hormones (particularly cortisol 
are known to modulate the immune system and others to alter isle 
B-cell activity (epinephrine, glucagon, cortisol), there has bee: 
speculation regarding the potential role of such modulation on th 
development and progress of islet injury.'' Thus, neurohormona 
changes associated with stress have been proposed as one of th 
environmental factors that interact with hereditary factor 
known to be associated with risk of the development of type I di 
abetes. It has been suggested that lymphokines produced by acti 
vated macrophages and helper T cells are toxic to insulin-secretin 
islet B cells and therefore the regulation of antigen-presenting cell: 
and/or regulation of helper T-cell production of interleukin (IL-1) 
interferon-gamma (IFN-y), or tumor necrosis factor (TNF) couk 
increase destruction of B cells. Hormonal regulation of suppres 
sor cells that normally minimize or prevent immune injury is an- 
other potential mechanism by which stress hormones (particularly 
cortisol) and the sympathetic nerves may contribute to the likeli- 
hood of autoimmune B-cell destruction of type 1 diabetes. Foi 
example, it has been shown that suppressor T cells are more sensi- 
tive to glucocorticoids than T-helper cells.'°* Thus at moderate 
cortisol dosages, immune injury could be increased by steroids. Ar 
example of this phenomenon may be the increased rate of develop- 
ment of an autoimmune form of diabetes induced in mice by low- 
dosage streptozocin when they are housed 10 to a cage compared 
with mice housed 1 to a cage, because crowded housing is associ- 
ated with higher circulating adrenal steroid levels." A similar 
phenomenon may explain why cyclophosphamide-treated NOD 
mice (a model of type 1 diabetes) have an increased prevalence of 
diabetes.'* Cyclophosphamide, which is known to be an immune 
suppressant, markedly increases the eventual development of 
diabetes in this mouse model of autoimmunity and diabetes. Evi- 
dence presented so far suggests that this is best explained by postu- 
lating a toxic effect of the drug on suppressor T-cell function. '®!56 

As an alternative, immune-related damage of islet B cells has 
been shown to be related to the insulin-secretory activity of these 
cells at the time of exposure to IL- 1.'™ Thus, increased secretion of 
insulin seems to be followed by an enhanced ability of IL-1 to 
impair B-cell function. Because increased B-cell secretion of 
insulin has been found during physical stress and infection, it has 
been postulated that the B cells would be more sensitive to injury at 
these times. This increase in insulin level is usually associated with 
insulin resistance. Glucocorticoids, GH, and the catecholamines all 
cause insulin resistance, and it has been hypothesized that they are 
the cause of insulin resistance during stress. Because cate- 
cholamines also impair insulin secretion, the activity level of the 
B cell of a stressed individual can be highly varied. However, the 
temporal pattern of the stress response can often be characterized 
by an early excess of catecholamines and a late excess of glucocor- 
ticoids and GH.'°’ Therefore, the early response to stress may be 
characterized by reduced insulin secretion, while the later recovery 
phase is often characterized by insulin resistance, and a compensa- 
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tory increase in B-cell activity with increased insulin secretion. In 
fact, studies in vitro and in vivo have suggested that the sensitivity 
to both immune'™ and nonimmune!” injury may be increased 
when insulin secretion is increased. Thus, an alternative explana- 
tion for the increased sensitivity of crowded mice to low-dosage 
streptozocin discussed above could be related to an increased sen- 
sitivity of activated islet B cells to injury rather than a decrease in 
suppressor T-cell function. Such changes in islet B-cell secretory 
activity could explain why type | diabetes occurs with greater fre- 
quency in the fall and winter than during spring and summer. This 
was originally thought to be due to the increased likelihood of a 
specific infection that causes islet destruction, but the association is 
without relation to any specific infection. Thus it may be that the 
neurohumoral stress response to infection causes insulin resistance 
and increased islet B-cell insulin activity, which in turn sensitizes 
the B cell to autoimmine injury. The increased activity of the B cell 
during puberty'®’ may provide a similar explanation for the in- 
creased incidence of type | diabetes in susceptible subjects at that 
time of life. Reducing islet number by pancreatectomy (another 
way of activating residual B cells) has been found to increase the 
likelihood of permanent diabetes in stressed rats.'°' Thus there are 
a variety of mechanisms by which stress could contribute to the 
onset of type | diabetes. 

A role for psychological stress in the causes and/or onset of 
human type | diabetes has also been postulated. Major life events 
have been found to be more frequent in diabetic children prior to 
diagnosis than in controls,'® but no prospective study has been 
carried out. 


Type 2 Diabetes Mellitus (T2DM) 


During this discussion of stress hyperglycemia, we have empha- 
sized the key role that the islet B cells must play in any hyper- 
glycemic state. Due simply to the feedback nature of islet regula- 
tion, it appears that increased hepatic glucose production and/or 
decreased peripheral glucose use alone or together cannot lead to 
sustained hyperglycemia unless the islet fails to adapt. Therefore, 
on theoretical grounds one would expect that hyperglycemia in 
type 2 diabetes mellitus must be associated with an abnormality of 
islet function. Nevertheless, the presence of such an islet abnor- 
mality has been somewhat controversial (see Chap. 21). This is 
because during standard oral glucose tolerance testing, insulin 
levels appear to be normal or even hypernormal in many type 2 di- 
abetic patients. The apparent presence of normal amounts of in- 
sulin is partly related to the fact that control groups of equivalent 
body weight have not always been used to evaluate the appropri- 
ateness of the insulin response. In addition, insulin secretory re- 
sponses to a variety of nonglucose stimulants are normal in many 
type 2 diabetic patients. Thus if the fasting plasma glucose level is 
less than 200 mg/dL, most of these patients have normal basal 
insulin levels for body weight, and there are apparently normal in- 
sulin responses to intravenous arginine, secretin, isoproterenol, 
and tolbutamide.’ Only an abnormal response to intravenous 
glucose can be consistently demonstrated. However, it is now rec- 
ognized that the responses to nonglucose stimulants are only nor- 
mal because of the associated hyperglycemia. Thus there is a per- 
sistent and important impairment of islet sensitivity to glucose in 
type 2 diabetes that reduces the insulin response to all stimuli, but 
the hyperglycemia compensates for a reduced response to the 
nonglucose inputs (see Chap. 21).' Thus any stimulus that tends 
to impair insulin action or accelerate hepatic glucose production 
will be more effective in elevating glucose in type 2 patients be- 


cause it would require a greater degree of hyperglycemia for the 
islet-cell adaptation to occur. In addition, it has now become 
apparent that islet B cells are probably more sensitive to the in- 
hibitory actions of epinephrine in type 2 diabetes because the 
ability of epinephrine to impair islet function is also glucose- 
sensitive. An increase in sensitivity to norepinephrine in type 2 
diabetes has been demonstrated.'® In normal individuals, the ini- 
tial suppression of basal insulin by epinephrine can be reversed by 
a relatively modest hyperglycemia. This restores basal insulin se- 
cretory rates to pretreatment levels and modulates the hyper- 
glycemia induced by epinephrine. In type 2 diabetes, much greater 
degrees of hyperglycemia are required to modulate the effects of 
epinephrine. Thus the same amount of stress hormone during 
baroreceptor, chemoreceptor, pain receptor, or psychological stim- 
ulation would be expected to produce greater increments of 
glycemia in such patients.'*’ These impairments of the islet re- 
sponses to glucose with their attendant effects on the sensitivity of 
islet B cells to nonglucose stimulants probably explains why some 
type 2 diabetic patients develop ketoacidosis during stress due to 
burn, trauma, surgery, or vascular occlusive events and transiently 
require insulin treatment. Not only is there increased mobilization 
of fatty acids from stress hormones, but there is simultaneously an 
exaggerated impairment of insulin secretion. After the stress acti- 
vation of the neuroendocrine system is over and catecholamine 
and other counterregulatory hormone levels decline, these same 
patients may be able to maintain reasonable blood sugar levels 
with their usual diet or oral drug therapy. 


Potential Role in the Etiology of T2DM 

Studies have suggested that glucose recognition by a number 
of neuroendocrine cells may be abnormal and have raised the pos- 
sibility that a glucose-sensing defect may be the explanation for 
some of the abnormal neuroendocrine findings in this syndrome.'® 
The poor suppression of glucagon by glucose, the elevation of cat- 
echolamines unrelated to any ketoacidosis, and the supersensitivity 
to exercise-induced increases in GH or its paradoxical increase by 
oral glucose in some individuals with mild hyperglycemia may be 
part of the underlying disease. Although this abnormality may 
be due to other intrinsic structural or metabolic defects, there is 
also the possibility that neuroendocrine factors known to influence 
the islet response to glucose are also involved. Thus, increased in- 
sulin release may be observed in type 2 diabetes during the infu- 
sion of the a-adrenergic receptor blocking agent phentolamine, im- 
plying increased a-adrenergic receptor activity or sensitivity in 
such subjects." 

We have shown that infusion of a synthetic somatostatin ana- 
logue in dogs produces hyperglycemia and selective impairment of 
glucose-induced insulin release quite analogous to that found in 
type 2 diabetes.'”° A similar phenomenon has been observed with 
infusion of the neuropeptide galanin, which is present in pancreatic 
nerves of some species.'”’ Thus a variety of inhibitory B-cell neu- 
roendocrine factors can produce a syndrome that resembles type 2 
diabetes. A mouse model of diabetes and obesity (ob ob) has been 
found to be supersensitive to catecholamines and stress. It has been 
suggested that this change is a key factor in the development of 
diabetes in this animal model.'7' 

Although none of these findings are conclusive, it is apparent 
that activation of neuroendocrine systems that impair glucose sen- 
sitivity of the islet B cell can produce a syndrome quite similar to 
type 2 diabetes. There is accumulating evidence that such activa- 
tion may be an important part of the hyperglycemia observed in 
type 2 diabetes. Regardless of etiologic considerations, it is clear 
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that stress hyperglycemia in such patients is almost certain to be 
more severe and to be less well counteracted than in normal 
subjects. This will have important treatment and therapeutic impli- 
cations, which will be discussed later. 


CLINICAL MANAGEMENT OF STRESS-INDUCED 
HYPERGLYCEMIA 


Normal Subjects 


Metabolic adaptation to an environmental stress may be beneficial 
or harmful. The stress responses that occur in normal animals or 
humans are not necessarily beneficial for long-term survival. In 
fact, maladaptive responses may be a significant cause of long-term 
morbidity and mortality in humans. Recommendations for the 
treatment of stress hyperglycemia must be based on the concept 
that the hyperglycemic response is more harmful than helpful. This 
determination will vary with the clinical state and with the degree 
of hyperglycemia observed. Because the central nervous system is 
dependent upon maintenance of at least 50% of its usual basal 
glucose flux, assessment of CNS needs for glucose and its adequate 
provision is a key determinant of treatment. Thus, glucose concen- 
tration, cerebral blood flow, and cerebral oxygenation are all critical 
parameters to be evaluated. One of the most efficient ways of 
increasing glucose flux to the central nervous system is to increase 
its concentration in the circulation, and this presumably underlies 
the biologic response of stress hyperglycemia. It is not possible to 
increase this flux by increasing insulin because the uptake of 
glucose by the CNS is insulin-independent. Therefore, if insulin is 
administered and plasma glucose levels fall, CNS use of glucose 
will remain stable or decline. In hypovolemic and hypotensive 
states, in patients with cerebrovascular occlusive disease or with 
myocardial infarction and low cardiac output, or in hypoxic states, 
reversal of the hyperglycemia is contraindicated unless the plasma 
glucose levels rise to what are considered to be toxic levels. What 
must be kept in mind is that the delivery rate or flux of glucose pro- 
vided to the central nervous system and not the glucose level is the 
key parameter that will determine the adequacy of fuel delivery. In 
the absence of significant glycosuria and/or electrolyte imbalance, 
detrimental effects of hyperglycemia are minimal, and short of 
these complications, hyperglycemia in such states should not be 
treated because it is enhancing glucose delivery to the central ner- 
vous system. 

In conditions in which nutrient need in peripheral tissues is 
increased—such as bum, trauma, or cold stress—and when there is 
no reduction of flow or glucose delivery to the central nervous 
system, hyperglycemia is not necessary for high rates of glucose 
uptake. In these instances, the need for carbohydrate is related to a 
general need for substrate by injured body tissues, most of which 
are insulin-sensitive. Thus, the delivery of glucose can be acceler- 
ated by the use of insulin alone or with glucose without depriving 
the CNS of adequate fuel. In this case, the potentially harmful side 
effects of glycosuria, electrolyte loss, hyperosmolarity, and in- 
creased gluconeogenesis can be avoided. In patients with myocar- 
dial infarction, it has been suggested that the ischemic myocardial 
tissue may benefit from increased glucose uptake and decreased 
fatty acid mobilization. ! "%7? When one administers insulin, it must 
be remembered that as the blood glucose falls, those tissues that are 
insulin-insensitive will receive less glucose. Therefore, cerebral 
blood flow needs to be assessed to be sure that it is adequate before 
giving insulin to patients with MI. It is likely that the injured heart 
tissue remains insulin-sensitive, and therefore glucose uptake by 
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cardiovascular muscle is likely to increase despite a decrease o 
plasma glucose. However, this is not known for certain, and it ma 
be advisable to give glucose along with the insulin to maintai 
significant amounts of hyperglycemia while accelerating glucosi 
uptake in insulin-sensitive tissues. 

One must remember that under these circumstances potassiun 
uptake will also be accelerated. Any change of serum potassiun 
may influence cardiac contractility or cardiac rhythmicity. Thus the 
use of glucose, insulin, and potassium solutions has been recom. 
mended, but there are potential risks as well as benefits. Because 
simple elevation of plasma glucose levels may not be effective ir. 
increasing glucose uptake in an insulin-sensitive tissue in the ab- 
sence of additional insulin, provision of insulin may be critical. 
Thus the elevation of catecholamines during infarction may be 
playing a critical role in limiting the uptake of glucose by the heart. 
Insulin treatment may be simply reversing an insulin deficiency 
state. This issue is still at present unresolved, and therefore the 
level of glucose and or the level of insulin may both be important. 
This may even vary from patient to patient and could explain some 
of the controversy regarding the benefits of such therapy. 

Some forms of stress hyperglycemia are characterized by 
hyperglycemia that appears to be of no useful purpose. That is, 
the hyperglycemia appears to be an unnecessary response to a 
perceived threat, which in primitive humans might have been as- 
sociated with increased muscular activity and nutrient demand but 
is not so in present circumstances. This leads to an imbalance be- 
tween an increased glucose production and unaltered use, leading 
to hyperglycemia. This would also be true of most pain-related 
syndromes, particularly those in which significant amounts of 
trauma have not occurred and there is no need for increased glu- 
cose use or nutrient support for injured tissues. This can be the 
case in the postoperative period after surgical procedures in which 
tissue damage or injury has been relatively minor. Treatment 
under such circumstances is indicated whenever hyperglycemia is 
severe, and there appears to be no real contraindication. A similar 
situation occurs in hypothermia in which total body metabolism is 
reduced. In the absence of extra glucose administration, hyper- 
glycemia is unusual. However, if glucose is given to hypothermic 
humans, rather severe hyperglycemia can occur. In this case, treat- 
ment to reduce this glucose level is unlikely to have any harmful 
side effects. Usually all that is necessary is to stop the administra- 
tion of exogenous glucose. More important is the prevention of 
this hyperglycemic syndrome by not giving glucose to hypother- 
mic patients. 

In summary, treatment of stress hyperglycemia resolves itself 
into three separate approaches: (1) maintenance of the hyper- 
glycemia for those conditions in which there is a real or potential 
deficiency of central nervous system uptake that can be reversed by 
maintaining or even increasing the hyperglycemia; (2) increasing 
glucose turnover by administering glucose and insulin or insulin 
alone, for those conditions in which an increase of glucose use by 
insulin-sensitive tissues is desired; or (3) no treatment in those con- 
ditions in which there is no change of nutrient need. If hyper- 
glycemia becomes severe, it can be treated with insulin alone, be- 
cause the extra glucose being produced is not providing any needed 
function. 


T1DM Patients 


General treatment concepts in type 1 diabetic patients are no differ- 
ent than those in normal subjects. Stress hyperglycemia in the 
diabetic patient has the same implications as it does in the normal 
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population, but there are circumstances during which euglycemia 
is not desirable and hyperglycemia should be promoted. Again, 
these are conditions in which central nervous system glucose up- 
take is impaired. This includes hypoxia, hypotension, cerebrovas- 
cular occlusive disease, and cardiovascular states in which reduced 
cerebral blood flow is present. Under most conditions, hepatic glu- 
cose production will increase and hyperglycemia will be present 
despite the administration of the usual amounts of insulin. 
However, this may not always be the case, because there may be si- 
multaneous reduction in nutrient intake, and a considerable amount 
of insulin administration is related to nutrient ingestion. Therefore, 
it may be necessary to reduce insulin dose in type 1 diabetic sub- 
jects during this form of stress. 

In burns, trauma, MI, or surgery related to trauma or in which 
traumatic injury is likely to be extensive, the need for increased 
nutrient delivery to peripheral tissues in a type | diabetic patient is 
similar to that in normal subjects. Again, the need for increased 
substrate use may be severe, and although euglycemia may be 
achieved by reducing caloric intake, this is not the desirable treat- 
ment. As in the normal individual, carbohydrate, fat, and protein 
either orally or intravenously should be given along with sufficient 
additional insulin to maintain euglycemic levels. Thus, in condi- 
tions in which catabolic protein loss is undesirable and gluconeo- 
genesis is to be suppressed, sufficient exogenous calories should be 
given to meet metabolic needs even if these are increased over 
basal levels. In order to suppress hepatic glucose production, it 
may be necessary to administer large amounts of intravenous car- 
bohydrate. If hyperglycemia occurs, then additional insulin should 
be given along with the additional carbohydrate rather than restrict- 
ing carbohydrate calories, because the goal is to promote nitrogen 
uptake in injured tissues while sparing protein resources from 
gluconeogenesis. 

In trying to anticipate insulin need during surgical procedures, 
a number of approaches have been taken. In general terms, insulin 
should be administered as a basal amount plus an amount in pro- 
portion to expected caloric intake. Basal insulin needs are real, and 
therefore insulin should always be administered every day. In 
uncomplicated surgical procedures, we have tended to reduce long- 
acting insulin to approximately 50% of the usual dose and to cover 
additional caloric need by monitoring plasma glucose before and 
after the surgery. Plasma glucose levels are to be maintained be- 
tween 150 and 200 mg/dL. Under complex surgical conditions, 
long-acting insulins have not been used, and the patients have been 
switched to six hourly injections of subcutaneous regular insulin or 
to continuous intravenous insulin infusion along with sufficient 
carbohydrate to provide at least 600 cal/24 h, preferably 1000 calo- 
ries or more per 24 hours (see Chap. 37). Insulin dosage must be 
individualized because insulin sensitivity varies considerably from 
patient to patient. Because counterregulatory hormones are sup- 
pressed by many anesthetics, it may be the postoperative phase in 
which insulin resistance will be most severe. Normal prehepatic 
basal insulin secretory rates for a lean individual are approximately 
15-25 U/d in the basal state. One can estimate insulin need on the 
basis of this requirement. Approximalely an equal amount of in- 
sulin appears to be required to maintain normal glucose homeosta- 
sis during the provision of a 2000- to 2500-calorie diet. These con- 
siderations can lead to rough estimates of insulin need in lean type 
1 diabetic patients to be 40-50 U/d. 

The major problem in type 1 diabetes is the inability to antici- 
pate the impact of neuroendocrine control mechanisms upon 
plasma glucose. It is clear that stress produces increased glucose 


levels and a tendency towards ketosis in poorly controlled type 1 di- 
abetic patients. In some patients, the impact of the environment 
seems to be particularly important in the regulation of plasma 
glucose. Whether some individuals are particularly sensitive to 
environmental influences, whether individuals vary widely in their 
autonomic and hypothalamic responses to perceived injury, or 
whether there is wide variability in the sensitivity of various individ- 
uals to catecholamines, cortisol, or GH is unknown. However, it is 
clear that it is difficult to predict in any patient what emotional 
trauma or surgical stress will produce in the way of altered glucose 
homeostasis. As mentioned earlier, in a few instances it has 
been possible to ameliorate severe psychological stress by treating 
patients prophylactically with propranolol to prevent recurrent 
episodes of ketoacidosis. Treatment with other types of more selec- 
tive blocking agents in an attempt to improve diabetes control has 
not been attempted as yet. However, the emphasis on improved dia- 
betes control by the use of open-loop insulin infusion devices would 
seem to require not only careful contro! of nutrient intake but at- 
tempts to modify autonomic influences on carbohydrate metabolism 
as the other major area of therapeutic intervention that will need to 
be addressed. The recent recognition of hypoglycemia-associated 
autonomic failure (see Chap. 31) has revealed that autonomic coun- 
terregulation may be expected to vary from day to day in some 
patients. Thus autonomic excess and/or deficiency may be quite 
common and contribute significantly to hypo- and hyperglycemia. 


T2DM Patients 


In type 2 diabetes, plasma glucose is reregulated to a stable level 
which is greater than in the normal population. However, the usual 
regulatory mechanisms for maintaining a constant plasma glucose 
level remain intact although impaired. That is, insulin secretion is 
still present, and it responds to glucose. The sensitivity of this 
response is reduced, and therefore any nutrient challenge or chal- 
lenge from an increased output of counterregulatory hormones will 
result in greater degrees of hyperglycemia for longer periods of 
time. However. as in the normal individual, these mechanisms will 
tend to stabilize plasma glucose levels even during stress. Thus 
with mild forms of stress, the reregulated plasma glucose level will 
tend to remain constant. The degree to which hyperglycemia will 
be increased by a particular stress in a type 2 diabetic patient is 
difficult to anticipate. This is because it will depend upon the sensi- 
tivity of that individual to all of the stress-related hormones, the 
basic nature of his or her islet impairment, and the responsiveness 
of the counterregulatory hormones to the stressful event. Very little 
is known regarding changes in sensitivity or responsiveness of this 
system in type 2 diabetes; however, there are studies suggesting 
that psychological stress may increase plasma glucose.'’4 Never- 
theless, because glucose sensitivity of the islets is clearly impaired 
and many of these subjects are insulin-resistant to begin with, it 
seems clear that greater degrees of glycemic increments are going 
to occur if the stress produces similar elevations of stress hor- 
mones. Presumably, this sensitivity will depend upon the degree of 
hyperglycemia prior to the stressful event. Individuals under rela- 
tively poor control will therefore be expected to become much 
worse and perhaps be unable to reregulate due to the increased gly- 
cosuria. If so, volume depletion and increased stress hormone 
responses will occur. This is presumably the explanation for the 
development of ketoacidosis during sepsis, trauma, and surgical 
interventions in relatively poorly controlled type 2 diabetic patients 
(see Chap. 34). On the other hand, the use of oral hypoglycemic 
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agents to lower plasma glucose and to improve islet function and 
peripheral sensitivity to insulin results in a patient who has rere- 
gulated plasma glucose to a more normal value. In this case, it has 
been the general experience that maintaining the individual on oral 
agents allows reasonable responses to the modest stress associated 
with elective surgical procedures, without the need to switch to 
insulin (see Chap. 37). 

Thus, the major treatment decision that must be made in the 
type 2 diabetic patient is whether or not to stop an oral agent and 
to institute insulin treatment. Well-controlled patients will manage 
quite well during elective surgery and other minor stressful situa- 
tions. However, in any poorly controlled patient during episodes 
of bacterial sepsis, MI, burn, major trauma, and so on, the stress 
response may overwhelm the islet or produce a stimulus that is 
beyond the ability of the impaired islet to counterregulate. Thus, 
severe degrees of hyperglycemia and ketoacidosis are not uncom- 
mon in type 2 diabetes during stress and may even occur in nor- 
mal individuals with very severe stress. In this case, insulin treat- 
ment must be instituted. Insulin treatment should be given to any 
poorly controlled patient who is about to go to surgery or to any 
patient if a major traumatic event can be anticipated, such as a 
major surgical procedure. The treatment of such patients with in- 
sulin does not predict that they will require insulin after the stress- 
ful period. Thus, the discovery of severe hyperglycemia and even 
ketoacidosis during stress in an individual who on clinical grounds 
would be suspected of type 2 diabetes (onset over age 50 or a 
major degree of obesity) does not indicate the permanent need for 
insulin. Such patients may respond quite well to the usual thera- 
peutic approaches to type 2 diabetes when the stressful event is 
over. Once the decision has been made to treat a type 2 diabetic 
patient with insulin, then the evaluation and treatment of stress 
hyperglycemia is similar to that for the type 1 diabetic patient 
discussed earlier. 


SUMMARY AND CONCLUSIONS 


Neural regulation of the pancreatic islet in conjunction with other 
hormonal glucoregulatory systems is an important component of 
plasma glucose regulation, which contributes significantly to the 
normal disposition of exogenous nutrients and to defining the 
glycemic response to environmental stress. The neuroendocrine 
system tends to modulate the intrinsic regulatory control system 
for plasma glucose, which involves the liver, peripheral tissues, and 
the islet as the primary nutrient and substrate sensors. The sensitiv- 
ity and function of all three elements of this system are responsive 
to neuroendocrine control. Neural and endocrine influences are im- 
portant to hepatic glucose production and to the use and disposition 
of fuels in adipose tissue and muscle, as well as to islet function. 
Stress responses that occur in normal animals or humans may or 
may not be beneficial for long-term survival. Thus evaluation of the 
impact of the hyperglycemia found under such circumstances must 
be made prior to a treatment decision. Although maladaptive re- 
sponses may be a significant cause of long-term morbidity and 
mortality in humans, there are many circumstances under which 
hyperglycemia may be beneficial or even essential for survival. 
Treatment will depend on which category of hyperglycemic re- 
sponse one can place the particular patient into. Is this hyper- 
glycemia related to the need for the central nervous system to 
increase glucose uptake and substrate utilization? Is this hyper- 
glycemia related to a need for peripheral tissues to increase glucose 
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uptake for repair or anabolic processes? Or is this hyperglycemia 
an inappropriate or excessive response to some perceived or actual 
threat from the environment in which the hyperglycemia is useless 
or perhaps even detrimental to health? This will be a critical deci- 
sion affecting treatment. 

A number of physiologic and psychological types of stress 
have been discussed, and it is clear that although there is a general 
pattern to the neuroendocrine changes found, each stress state 
represents a unique set of circumstances with specific metabolic 
disturbances. At times it is difficult to distinguish the stress 
response of a normal individual from idiopathic diabetes mellitus, 
particularly type 2 diabetes mellitus. In the short term, the thera- 
peutic decision is not related to the etiology of the hyperglycemia. 
but in the long term this may be a critical issue in the development 
of a suitable treatment protocol. Thus treatment considerations 
vary from patient to patient and depend upon the nature of the 
stress and the specific response to that stress in the individual case. 
Associated conditions play an important role in this evaluation. In 
the final analysis, the question that must be asked is, “Is the hyper- 
glycemic state more harmful than helpful and will the contem- 
plated treatment be beneficial and decrease risk?” An understand- 
ing of the neuroendocrine response system for stress and its actions 
upon substrate-using systems is an essential prerequisite for this 
decision. In diabetes mellitus, neuroendocrine abnormalities are 
common. Even in the apparently unstressed individual, increased 
sensitivity or increased levels of stress-related hormones and 
neural inputs may contribute either etiologically or pathophysio- 
logically to the hyperglycemia observed. At times, a pathophysio- 
logic separation of stress hyperglycemia and type 2 diabetes is not 
possible. Both involve alterations of the regulation of hepatic glu- 
cose output and peripheral sensitivity of tissues to insulin, as well 
as alterations of islet function. Therefore, regardless of etiologic 
significance, neuroendocrine control systems must be taken into 
account in the diagnosis, evaluation, and treatment of any hyper- 
glycemic state in humans. 
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CHAPTER 10 


Food Intake and Energy Balance 


Stephen C. Woods 
Randy J. Seeley 
Denis G. Baskin 
Michael W. Schwartz 


INTRODUCTION 


Over the past two decades, knowledge of the biological controls of 
eating and the regulation of body adiposity has advanced at an un- 
precedented pace. This denouement of sorts is due in part to tech- 
nological innovations that enable us to probe the workings of indi- 
vidual cells and molecules, as well as to an enormous investment of 
funds for basic research by government and industry. While this 
explosion of new information may one day lead to novel therapeu- 
tic approaches that limit energy intake'™” and thereby lower body 
weight, the prevalence of obesity continues to increase in spite of 
this wealth of new information, as does the incidence of obesity- 
related health consequences including non-insulin-dependent dia- 
betes mellitus or type 2 diabetes mellitus (T2DM).* Our intent in 
this chapter is to summarize and discuss what is new and exciting 
in the realm of the neuroendocrine control of energy homeostasis, 
focusing on food intake, and to suggest avenues for novel therapeu- 
tic strategies. 


FOOD INTAKE 


Food intake is a complex behavior with multiple levels and kinds 
of regulatory control.® In addition to providing the calories neces- 
sary to enable the body to grow and function, food also provides 
appropriate micronutrients (vitamins and minerals), macronutri- 
ents (carbohydrates, fats, and proteins), and a certain amount of 
water. Food intake occurs in distinct bouts or meals, and different 
controllers influence the onset and the offset of meals. Food intake 
addresses acute energy needs as well as long-term energy storage 
as fat depots. Finally, whereas regulation of food intake is related 
directly to energy or caloric homeostasis, food intake is also influ- 
enced by other kinds of needs. For example, when individuals are 
ill or incapacitated, or preoccupied with other behaviors, they often 
eat less food despite the stimulus of reduced fat or reduced fat 
stores. The integration of all of these needs relies upon neural and 
hormonal signals arising in many sites within the body and imping- 
ing upon regulatory control areas of the brain. As discussed below, 
many signals important in the regulation of blood glucose are also 
critical to the regulation of energy intake. In this chapter, we focus 


first on the control of individual meal initiation and cessation, and 
later on the complex array of neuropeptides (as well as other neu- 
rotransmitters) thought to be important in the overall regulation of 
energy stores. 


MEALS 


Most animals, including humans, adopt an eating schedule that ac- 
commodates their idiosyncratic environmental conditions. In most 
individuals, distinct patterns can be discerned (e.g., consuming 
three meals a day, at the same time each day). However, because 
obligatory activities (such as working or going to school) and con- 
straints (the probable presence of predators at certain times of day 
for some species) vary widely among individuals, most adapt by 
developing unique eating patterns (the size and timing of meals) 
that provide necessary nutrients and otherwise optimize fitness.” In 
spite of this variation among individuals, most members of a 
species develop and maintain a rather consistent body weight as 
adults,!°"'? and this is also true of humans. The control system that 
allows meal patterns to vary while adjusting daily caloric intake to 
meet energy needs and maintain body weight is elegant. A key fea- 
ture is that whereas meal size has been found to be controlled by 
physiologic signals important in energy homeostasis, meal onset 
has not (see below). Hence, meals can be initiated at times that are 
convenient, or that have proven successful in the past, or that are 
imposed by the environment, and the individual is still able to ob- 
tain and eat adequate calories each day to maintain his or her 
weight. The explanation, as documented below, is that if an indi- 
vidual’s weight begins to decrease slightly, he or she will eat larger 
meals when the opportunity arises and thereby regain lost weight 
by increasing meal size. Conversely, an individual whose weight 
begins to increase due to overconsumption of food will tend to eat 
smaller meals until the increment is lost. 


Meal Initiation 


Historically, the prevailing belief was that meal initiation (and 
perhaps its subjective analogue, hunger) is regulated by important 
changes in key metabolic parameters. Early in the 20th century, 
Cannon and his colleagues postulated that contractions of the 
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stomach signaled dwindling energy supplies and compelled an 
individual to seek and eat food.'* The concept of “hunger pangs” 
emanating from the stomach has considerable face validity and has 
persisted in common parlance in spite of a wealth of evidence indi- 
cating that, if anything, signals related to gastric contractions are 
more numerous and robust after rather than before meals. Further, 
individuals who are incapable of sensing stomach contractions 
experience normal hunger and meal initiation. Perhaps the most 
popular belief concerning the cause of meal initiation was based on 
Jean Mayer’s glucostatic hypothesis. Early in this century blood 
glucose was thought to be a critical determinant of meals,'* and 
this concept was formalized and popularized by Mayer.'*'* In its 
original version, the glucostatic hypothesis stated that hunger and 
eating are initiated when blood glucose decreases to a threshold 
level, and meals are terminated when blood glucose returns to a 
higher and hence safer level. Later versions of the hypothesis 
recognized the fact that individuals with type | diabetes mellitus 
(TIDM) have both elevated blood glucose and hunger and food 
intake. Hence the predominant incarnation of the hypothesis is that 
meal onset and offset are determined by the level of metabolic 
utilization of glucose by sensory cells located in the hypothalamus. 
These glucose-sensing cells were postulated by Mayer to be insulin 
sensitive. It is now recognized that there are glucose-sensitive 
neurons in many places in the brain, including the hypothalamus, 
and that some of these in turn are in fact also sensitive to insulin.” 
Recent evidence also indicates that the level of circulating glucose 
is detected by sensory nerves located in the hepatic portal vein and 
that the signal is relayed to the brain via the vagus nerves.'* 

It is reasonable to speculate that the tendency to take food 
would be linked causally to the ebb and flow of metabolic fuels in 
the blood. That is, when readily available energy becomes rela- 
tively depleted from the blood, potentially threatening the ongoing 
nourishment of critical tissues, eating is initiated and the circulat- 
ing energy supply becomes repleted. “Depletion-repletion” logic 
has been applied successfully to the understanding of water and salt 
ingestion as they apply to the maintenance of blood volume.'””? A 
key point, however, is that under usual circumstances, the supply of 
energy in the blood does not decrease to anywhere near the thresh- 
old necessary to trigger eating. Rather, individuals initiate meals 
even though ample energy is readily available. It is true that if the 
amount of energy derived from glucose is greatly decreased, either 
by drugs that deplete it from the blood (exogenous insulin?!~**) or 
drugs that prevent its cellular oxidation (e.g., 2-deoxy-D-glucose, 
or 2-DG7'-*4), an emergency situation occurs as the brain detects its 
requisite fuel supply dwindling. One result is that animals seek and 
ingest food.” Likewise. if fat utilization is experimentally compro- 
mised,”°*’ the source of usable fuel by the liver is challenged, the 
liver sends critical neural messages to the brain, and animals also 
seek and ingest food.”>”* 

Several observations argue against the notion that meals are 
triggered in response to depletion of metabolic substrates. Eating is 
in fact a relatively inefficient way to get calories into the blood rap- 
idly. Unless pure glucose is available (rare in natural settings), 
foods must be processed and digested in the stomach, passed to the 
intestine where they are further processed, and then absorbed into 
the blood. When the glucose supply to the brain is compromised by 
administering insulin or 2-DG systemically, the initial response is 
increased glucagon and epinephrine secretion.” Hence the first 
line of defense is to mobilize stored carbohydrate. Eating also oc- 
curs, but after a considerable lag.”' In this light, the induced eating 
can be considered more as a hedge against future excursions of 


hypoglycemia than as a means of reversing the present one. It also 
seems maladaptive to require an individual to attain dangerously 
low levels of glucose prior to the initiation of every meal, nor is it 
clear what the consequences would be if glucose availability 
dipped to the threshold for initiating meals at a time when it was 
inconvenient or impossible to eat. It is now generally recognized 
that this protective system is probably activated to the point of ini- 
tiating a meal only in extreme metabolic emergencies rather than as 
part of normal food intake regulation.?"?57° 

In spite of the contrary evidence, the glucostatic hypothesis has 
enjoyed tremendous popularity over the years. Renewed interest in 
the hypothesis arose when it became possible to monitor blood glu- 
cose continuously by means of an indwelling intravenous catheter. 
Using this technique, Campfield and Smith??? observed that blood 
glucose starts decreasing beginning a few minutes prior to the initi- 
ation of “spontaneous” meals in freely feeding rats. More recently 
the same researchers reported a similar phenomenon in humans.” 
This is an important observation because, at least in rats, every ob- 
served spontaneous meal was preceded by the small (approxi- 
mately 12%) but reliable decline of plasma glucose.** The premeal 
decline of blood glucose reverses just prior to the actual initiation 
of eating, and if food is removed at that point (and no eating oc- 
curs), glucose retums to the baseline that was present before the 
decline began. Campfield and Smith have interpreted the premeal 
glucose decline as providing a signal that is monitored by the 
brain.*?**© When the parameters of the decline are “correct,” a 
meal is initiated. If metabolic conditions preclude the decline meet- 
ing the “correct” parametric criteria, no meal is initiated. In their 
schema, Campfield and Smith believe that the brain is the initiator 
of the decline of plasma glucose. Consistent with this, there is a 
small increase of plasma insulin at the start of the premeal decline 
of glucose which is dependent on an intact vagus nerve,?!"? and 
cutting the vagus disrupts the relationship between changes of glu- 
cose and the start of meals.” This body of research suggests that 
small, physiological fluctuations of glucose can provide important 
signals that the brain uses to help determine ingestive responses. 

Analogous to decreases of blood glucose, other metabolic 
events occur prior to, and hence are predictive of, the onset of 
meals. Implanted thermistors allow body temperature to be moni- 
tored continuously in freely moving and feeding animals. Just prior 
to spontaneous meals, the body temperature of rats begins to in- 
crease.” When the meal begins, temperature continues to increase 
and then declines as the meal is terminated. Likewise, metabolic 
rate as assessed by indirect calorimetry reportedly decreases prior 
to the start of spontaneous meals, and increases as eating be- 
gins.™®™ All of these parameters (blood glucose, temperature, 
metabolic rate, and no doubt others as well) begin a gradual change 
10-15 minutes before meals begin, and all are therefore highly 
correlated with meal onset. With a slightly different time course, 
laboratory rats increase their activity (e.g., running in a wheel) 
prior to spontaneous meals.’ These phenomena have generally 
been viewed as supporting the hypothesis that animals eat because 
these changes are occurring; i.e., that the decrease of blood glucose 
or of metabolic rate, or the exercise-induced use of fuels, is 
causally related to meal onset. However, a compelling case can 
also be made that, based on factors such as habit or opportunity, 
other factors determine when a meal is going to start, and that as 
part of the overall meal initiation process the brain elicits metabolic 
changes to prepare the body to receive the food.“ As an exam- 
ple, a premeal decline of blood glucose can limit the magnitude of 
the otherwise much larger postprandial increase of blood glucose. 
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In this schema, individuals do not initiate meals because one or an- 
other tissue’s supply of available energy is about to be compro- 
mised, but rather one eats in response to learned cues and various 
environmental or sensory stimuli. The timing of meals can there- 
fore be quite idiosyncratic and dictated by an individual’s lifestyle, 
convenience, and opportunity. This schema can account for the 
extreme variability of meal patterns among individuals in a society, 
but it cannot in itself account for the remarkable ability of indi- 
viduals to maintain neutral energy balance and a constant level of 
adiposity. 

To summarize, although it is possible that meal-related fluctua- 
tions in blood glucose and other parameters are the initiators and 
terminators of meals, the bulk of evidence is to the contrary. The 
brain and liver are quite efficient at controlling the provision of 
what is needed by various tissues, and as a result adequate amounts 
of utilizable fuels (glucose and fats) are generally always available 
to tissues via the blood. Major fluctuations in the circulating levels 
of these fuels generally occur only during and after meals, as in- 
gested energy passes from the gut into the circulation, and from 
the circulation into tissues and energy storage organs. Decreases of 
plasma fuels below levels adequate to meet tissue requirements are 
rare in normal, free-feeding individuals, although they can be ex- 
perimentally induced. Under usual circumstances. therefore, nei- 
ther meal initiation nor meal termination is likely to occur as a 
response to fluctuations of metabolic fuels. Rather, meal initiation 
is based on idiosyncratic factors (such as habit and convenience) 
and meal termination is based, at least in part, on gastrointestinal 
peptides secreted during the ingestion of food, as discussed below. 


Meal Termination 


As ingested food interacts with receptors in the gastrointestinal 
tract, it elicits the secretion of enzymes and generates neural and 
hormonal signals that help orchestrate the digestive process and 
customize it to the contents of the meal that is being consumed. In 
the early 1970s, Gibbs and colleagues provided the first solid evi- 
dence that some of these same signals originating in the gut addi- 
tionally provide information to the brain that helps determine when 
the meal will end.“ Specifically, they found that when the gut 
peptide cholecystokinin (CCK) is administered to animals prior to 
a meal, the animals eat less food, with larger doses of CCK causing 
greater suppression of meal size. This basic phenomenon has been 
replicated in dozens of labs using many species (including hu- 
mans),*”“* and it can be elicited by doses of CCK that do not cause 
signs of illness or malaise in animals or humans.*”“* After receiv- 
ing CCK, humans report that they stop eating sooner because they 
feel full. 

As potent and selective agonists and antagonists to CCK recep- 
tors became available, two important new findings emerged. The 
first is that CCK acts uniquely at the CCK-A receptor to reduce 
meal size.**-*' Consistent with this, when antagonists to the CCK- 
A receptor are administered prior to a meal, individuals eat larger 
meals.** This key observation implies that endogenous CCK 
normally contributes to the termination of meals, and it further sug- 
gests that when exogenous CCK is administered, it combines with 
endogenously secreted CCK to terminate the meal prematurely. 
The second finding is that CCK combines with other factors that 
limit meal size, such as gastric distension, in a synergistic manner. 
Hence the ability of a small dose of exogenous CCK to reduce 
meal size is greatly enhanced when the stomach is slightly dis- 
tended.*’*? This observation is presumably related to the fact that 
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many individual sensory nerve fibers passing from the stomach and 
intestine to the central nervous system express more than one kind 
of sensory ending." The possibility that one branch of a sensory 
Neuron is sensitive to molecules such as CCK, whereas another 
branch of the same neuron is sensitive to stomach distension, can 
thus be considered. There is in fact evidence that isolated sensory 
axons integrate information from both CCK and gastric disten- 
sion, ?™®™ and that the integrity of these axons (that travel in the 
vagus nerve) is essential for the ability of exogenous CCK to 
reduce meal size.“ 

CCK is but one of several peptides secreted from the gut dur- 
ing a meal that reduces meal size. Others include members of the 
bombesin family of peptides (bombesin, gastrin-related peptide 
[GRP], and neuromedin-B),**°” glucagon,* somatostatin,” en- 
terostatin,*! and apolipoprotein A-1V.6®? For many of these, 
administration of the appropriate antagonists or antibodies causes 
increased meal size, implying that these peptides contribute to the 
termination of normal meals (see reference 64). This is important 
because humans (as well as rats, the species in which meal size 
has been most extensively investigated) are general omnivores and 
will eat a broad spectrum of foods. The specific cocktail of pep- 
tides secreted from the gut that helps mediate the digestion and 
absorption of each meal can vary considerably since the various 
peptides are differentially responsive to different mixes or 
amounts of specific macro- and micronutrients. Signals comprised 
of combinations of peptides that gradually accumulate and stop 
the meal would be especially functional for omnivores. Accord- 
ingly, combinations of CCK and bombesin,” and of CCK and 
glucagon, have been reported to interact to reduce meal size in 
rats. 

In addition to those peptides secreted by the gut during meals 
that help to determine when meals end, the pancreatic hormone 
amylin (also known as islet amyloid polypeptide [I[APP]) also 
serves this function. Amylin is cosecreted with insulin in response 
to glucose and other nutrients, and, like insulin, its levels in the 
blood are directly proportional to body fat content. Also like 
insulin, amylin is rapidly and efficiently transported through the 
blood-brain barrier into the brain,”””! where it interacts with recep- 
tors in the hypothalamus and area postrema of the brain stem.” 
In the periphery, amylin is a potent inhibitor of gastric emptying.” 
The systemic administration of exogenous amylin causes a dose- 
dependent decrease of food intake and body weight,”~” and 
amylin-deficient knockout mice weigh more than wild-type con- 
trols. When administered directly into the brain, amylin de- 
creases food intake and body weight at doses far lower than are 
required when it is given systemically. These data are consistent 
with the hypothesis that amylin has a central site of action.*' Like 
both insulin and leptin, amylin reduces food intake without making 
animals ill,**** and the central administration of insulin plus 
amylin causes a synergistic reduction of food intake.** Therefore, 
both intestinal (e.g.. CCK and others) and pancreatic (e.g., amylin) 
are secreted during meals and contribute to satiety. Presumably all 
of these signals relay information to the brain that is related to the 
caloric content and make-up of food presented to the intestines 
during a meal. Importantly, low levels of amylin and CCK combine 
synergistically to reduce meal size,*° suggesting that all of these 
meal-related signals interact in controlling food intake and the 
subjective sensation of feeling full after a meal. 

In summary, evidence suggests that under normal circum- 
stances, the physiological controls over meals are directed mainly 
at meal offset rather than onset. Individuals are therefore able to 
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adapt to a wide range of environments and consequently to accom- 
modate imposed constraints as to when meals will occur. Ingestion 
of sufficient nutrients, and maintenance of appropriate levels of 
stored fat, is assured via regulation of how much is consumed once 
a meal begins. Several gut peptides secreted during the digestion 
and absorption of meals function as signals to the brain and act to 
limit meal size. 


EATING AND THE REGULATION 
OF BODY WEIGHT 


A strong interrelationship exists between body fat stores (adipos- 
ity) and food intake. All things being equal, consuming more than 
sufficient calories to maintain weight each day leads to increased 
stored energy and vice versa. Forced or voluntary overeating for 
several days elicits weight gain as inevitably as dieting or food 
restriction elicits weight loss (Fig. 10-1). In this light, body weight 
(mainly body adiposity) can be considered to be at the mercy of 
food intake. The other side of the same coin, however, is equally 
relevant to understanding the relationship between food intake and 
body fuel stores. For example, when an otherwise weight-stable 
adult eats insufficient food for a period of time and consequently 
loses weight, he or she will likely overeat when ample food once 
again becomes available (or when the enthusiasm for dieting 
wanes). Likewise, if an individual consumes excess calories to the 
point of weight gain for a prolonged interval, there will be an in- 
creasing tendency to eat less food and thus help return body weight 
and body fat stores to their preintervention levels. Viewed in this 
light, food intake would seem to be controlled by the amount of 
stored body fat. There are many reviews of these phenomena.'°**-°° 
Understanding the causal factors that interrelate food intake and 
body adiposity is an important goal and the subject of considerable 
ongoing research. 

The link between body fat and food intake was formalized a 
half century ago when Kennedy postulated that signals propor- 


FIGURE 10-1. Weight-matched rats were divided into three groups. 
Overfed and restricted rats received three meals per day by gavage to 
achieve body weights that were significantly above or below, respectively, 
those of ad lib-fed controls. After 140 days, the gavage feeding was discon- 
tinued and all three groups had ad lib food. The formerly overfed rats 
stopped eating for several days, whereas the formerly restricted rats became 
hyperphagic. Within 2 weeks. the weights of all 3 groups had converged 
and were not statistically different from one another. This is an example of 
long-term regulation of body weight. (Redrawn from Bernstein et al?) 
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tional to body fat influence the control of appetite and feeding by 
the brain.?' Thus Kennedy’s lipostatic hypothesis stated that 
adiposity is regulated by a negative feedback system in which food 
intake is controlled in part by the amount of total stored body fat. 
While the existence of a link between energy intake and body en- 
ergy stores has never been questioned, an important issue over the 
intervening years has been the nature of the signal or signals that 
indicate how much fat is present in the body. Because body fat is 
located in multiple storage depots dispersed widely throughout the 
body, several possibilities exist by which body fat might be moni- 
tored by the brain. For example, sensory nerves could innervate 
and hence provide information from each fat depot, with the accu- 
mulated information from multiple sites integrated within the brain 
into a reliable “total adiposity” signal. Although this is plausible in 
principle, adipose tissue is only sparsely innervated, and the major- 
ity of the fibers innervating fat depots are motor, controlling the 
release of stored energy when it is acutely needed. A second possi- 
bility is that a single fat depot is sufficiently representative of all of 
the others that it serves as a bellwether of sorts. In this schema, the 
brain need only receive a signal from this sentinel depot. Such a 
depot could theoretically be located anywhere, including within the 
brain itself. Pursuing this possibility, Nicolaidis and his colleagues 
have hypothesized that specialized cells within the hypothalamus 
serve this function and are ideally situated to influence all aspects 
of energy homeostasis.***° Unlike other brain cells, this “adipose- 
tissue homunculus” is postulated to function analogously to pe- 
ripheral adipocytes and therefore to be sensitive to insulin. In point 
of fact, cells in the ventral hypothalamus have been found to be 
insulin-sensitive in that their electrical activity varies with the local 
application of insulin and other metabolic signals.'’°? More re- 
cently, neurons specifically sensitive to intracellular levels of 
malonyl CoA as a metabolic signal have been proposed. Malonyl 
CoA is a precursor for fatty-acid synthesis and its levels increase 
following inhibition of the enzyme fatty-acid synthase. Consistent 
with this hypothesis, fatty-acid synthase inhibitors potently reduce 
food intake, apparently via a mechanism whereby brain levels of 
malonyl CoA are increased.” There is also evidence for an energy 
homunculus being located in the liver (or at least within the influ- 
ence of the hepatic branches of the vagus nerves). 8° While there 
seems little doubt that signals related both to stored energy and to 
ongoing energy utilization can arise in both the brain and the liver 
(and presumably other tissues as well), it is not clear how much 
they contribute to the control of meals. Further, there is compelling 
evidence for a third signaling pathway, one with a strong influence 
on overall energy homeostasis, that utilizes hormones secreted in 
the periphery in proportion to the total amount of fat in the body. 


Circulating Adiposity Signals 


When two experimental animals are joined surgically at the flank 
such that a small proportion of the circulation exchanges between 
them (termed parabiotic animals), the existence of circulating adi- 
posity signals is revealed. In a typical such experiment, two other- 
wise normal animals with similar body weight (either two lean or 
two obese rats or mice) are parabiotically joined. In this situation, 
each animal eats normally and maintains its customary (presurgi- 
cal) body weight. These control experiments indicate that the para- 
biotic procedure itself is tolerated and that both normal-weight and 
obese animals can still maintain their body weight. Contrary to 
this, when an obese animal is parabiotically joined with a lean part- 
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ner, their respective body weights diverge rather than converging. 
The obese partner often gains a little weight, but the dramatic effect 
occurs with the lean partner, which may stop eating all together and 
which loses body weight precipitously.” Unless the two partners 
are separated, the lean animal might starve itself to death. Such ex- 
periments have been interpreted to indicate that a circulating signal 
proportional to body fat passes between the two parabiotic part- 
ners. The relatively high titer of the signal entering the lean animal 
from its obese partner is hypothesized to provide a false message 
that too much fat exists in the lean animal’s body. The lean animal 
consequently responds to this increased signal by reducing its food 
intake and losing weight. Hence a circulating signal can have a 
powerful influence over eating behavior, and an important implica- 
tion of this is that the administration of the exogenous signal can 
effectively elicit weight loss. 

The best candidates for circulating indicators of body fat are 
several peptide hormones that are secreted from peripheral or- 
gans in proportion to body adiposity and that are transported into 
the brain from the circulation. The two most investigated are lep- 
tin, which is secreted from adipose tissue, and insulin, which is 
secreted from the B cells of the pancreas. Both are synthesized 
and secreted in direct proportion to the amount of fat in the body. 
In the section below, we review the evidence that each of these 
peptides satisfies criteria for being an adiposity signal to the 
brain. 


Insulin as an Adiposity Signal 

To be considered an adiposity signal, a compound should be 
secreted in proportion to body fat, should have access to appropri- 
ate areas of the nervous system, and should influence food intake 
and body weight in predictable ways.' 90.96.97 Insulin was the first 
hormone proven to have these properties (see reviews in references 
98 and 99). Insulin is, of course, the body’s predominant controller 
of blood glucose, and its secretion from the pancreas is controlled 
in large part by ambient glucose. Nonetheless, the responsiveness 
of the B cells to glucose (and to most other secretagogues as well) 
is proportional to body fat.'°~' A fatter individual has higher 
basal insulin and secretes proportionally more insulin to a given in- 
crease of blood glucose than does a lean individual. Hence, plasma 
insulin reflects both acute metabolic needs as well as body fat con- 
tent. Circulating insulin gains direct access to areas of the brain 
with a reduced blood-brain barrier (such as the circumventricular 
organs). Perhaps more importantly, brain capillary endothelial cells 
contain insulin receptors, and insulin penetrates into the brain from 
the blood via a receptor-mediated, intracellular transport process 
(see reviews in references 99, 103, and 104). Hence, circulating 
insulin has access to neurons and glial cells throughout the brain. 

Insulin receptors are expressed in brain regions important in 
the control of energy homeostasis such as the ventral hypothala- 
mus.'°*'°* Insulin receptors are also expressed in other brain re- 
gions (e.g., the olfactory bulbs and the hippocampus) where their 
function is less well understood. Within the hypothalamus, the 
arcuate nuclei (ARC) have particularly high densities of insulin 
receptors, and the ARC is the location of at least two major types of 
neurons that potently influence food intake (see below). Hence 
these cells have the capacity to detect and respond to insulin and 
are therefore also indirectly sensitive to body adiposity. 

When exogenous insulin is administered directly into the brain 
(into the ARC itself, into nearby ventral hypothalamus, or into the 
cerebrospinal fluid in the adjacent third ventricle), animals behave 
as if they are overweight (i.e., they eat less food and lose weight) 
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FIGURE 10-2. Weight-matched rats were divided into four groups, two 
being food restricted for days | through 3 and the other two having ad lib 
food. All four groups had ad lib food alter day 3. One of the restricted 
groups and one of the ad lib-fed groups received insulin (10 mU/d) infusion 
into the third cerebral ventricle throughout via osmotic minipumps 
(INS/FD; INS/AD LIB); the other restricted and ad lib-fed groups received 
a third ventricular infusion of physiological saline (VEH/FD; VEH/AD 
LIB). The ad lib-fed rats receiving saline gained weight over the 10 days of 
the experiment, whereas the ad lib-fed rats receiving insulin ate less food 
and lost weight. Both restricted groups lost weight over the 3 days without 
food, and those getting insulin lost significantly more weight after | and 2 
days. When food was returned at the end of the third day, both groups were 
significantly hyperphagic. However. the formerly restricted rats getting 
insulin ate only enough to reach the same body weight plateau as the other 
insulin group, whereas the formerly restricted rats receiving saline gained 
more weight and were approaching the weight of the other saline group 
by the end of the experiment. Hence rats receiving insulin into the brain 
ended up at a lower body weight than saline-infused controls, and they 
achieved the same absolute weights whether they had to eat less (nonre- 
stricted group) or more (restricted group) to achieve it. (Reproduced from 
Chavez et al.) 


(Fig. 10-2).'°*"'"* This response develops over several hours and is 
proportional to the amount of insulin administered. Conversely, 
when local concentrations of insulin are reduced (by administering 
antibodies to insulin into the brain), animals eat more food!! and 
gain weight.''® Consistent with these observations, mice with tar- 
geted deletion of the insulin receptor in neuronal tissue have en- 
hanced food intake and body weight gain, particularly on a high-fat 
diet.''” Recent data suggest that insulin’s neuronal effects involve 
downstream molecules such as the product of the tubby gene (Tub) 
and IRS-2 since activation of insulin receptors phosphorylates 
these proteins, and since mice with genetic alterations of these pro- 
teins have obese phenotypes.!!*!!° 

These findings support the hypothesis that insulin is an adipos- 
ity signal to the brain. A key prediction of this hypothesis is that an 
experimentally-induced elevation of plasma insulin should result in 
a decrease of food intake since brain insulin would be anticipated 
to increase secondarily and proportionally to the increment in the 
blood. This has been difficult to investigate in a simple way, be- 
cause when plasma insulin is experimentally increased, it causes a 
rapid decrease in blood glucose (and frank hypoglycemia), which 
itself causes animals to eat more food.?*??"° This scenario of an 
increase of plasma insulin in the absence of an a priori increase of 
plasma glucose would not normally occur. Rather, elevations of en- 
dogenous insulin typically occur in response to already elevated 
blood glucose, and function to reduce glucose to normal levels as 
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opposed to eliciting hypoglycemia. When circulating insulin is ex- 
perimentally elevated and hypoglycemia is circumvented, animals 
eat less food. ?™!'?? Conversely, conditions associated with low cir- 
culating insulin (e.g., fasting and uncontrolled T1DM) are associ- 
ated with hyperphagia. These observations support the hypothesis 
that insulin’s effects in the brain and in peripheral tissues oppose 
one another where energy homeostasis is concerned. Thus, 
whereas systemically-acting insulin promotes fat deposition, cen- 
trally-acting insulin functions as an adiposity signal that limits 
weight gain. Moreover, insulin-induced weight loss is not due to 
toxic or aversive effects, since when it is administered into the 
brain at doses that reduce food intake and body weight, the animals 
are neither ill nor incapacitated. Rather, they act as if they are 
maintaining and defending a lower body weight.'?*'** This collec- 
tive evidence implicates insulin as an adiposity signal to the brain. 


Leptin as an Adiposity Signal 

Although its existence was inferred from experiments done 
over 25 years ago on parabiotic mice,'* leptin was not discovered 
and described until 1994.'7° Leptin is secreted from adipocytes in 
direct proportion to the amount of stored fat'?”'"* via a mechanism 
that is sensitive to ongoing metabolic activity of fat cells, in addi- 
tion to fat content per se.!??° Hence dissociations can occur be- 
tween stored fat and leptin release, particularly when there is a 
rapid decrease of adipocyte glucose metabolism such as occurs in 
fasting.” ?!-" In such instances, plasma leptin decreases more rap- 
idly and to a greater degree than does body fat, but among individ- 
uals in neutral energy balance, plasma leptin levels are a reliable 
indicator of body fat content. As is the case with insulin, circulating 
leptin is transported through the blood-brain barrier into the 
brain, 34-138 and leptin receptors are located within the ARC and 
other nuclei in the ventral hypothalamus (among several other 
regions).'**'* Systemic administration of leptin decreases food 
intake and body weight in rodent models!*!"'*? and in leptin- 
deficient humans.'“ The finding that the dose needed to reduce 
food intake is much lower when leptin is administered into the 
brain ventricles than into systemic circulation'"':'** implicates the 
brain as a key target of leptin action (Fig. 10-3). Moreover, 


FIGURE 10-3. Rats were administered leptin (3.5 pg) or its vehicle, physi- 
ological saline, into the third cerebral ventricle on two separate days. The 
order of receiving the two substances was random for each rat. When the 
rats received leptin, food intake was significantly reduced. (Redrawn from 
Seeley et al.’*’) 
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anorexia induced by leptin is dose dependent and is not secondary 
to illness or incapacitation.'*° Animals with defective leptin signal- 
ing (either because they do not synthesize leptin, as in ob/ob 
“obese” mice, or because they have defective leptin receptors, as 
occurs in db/db “diabetic” mice and fa/fa “fatty” Zucker rats) are 
characterized by hyperphagia and extreme obesity, and the same is 
true for humans with analogous mutations of leptin and its recep- 
tor.'“© Hence leptin, like insulin, satisfies the criteria for being an 
adiposity signal to the brain. 

Insulin is secreted in response to minute-to-minute changes in 
circulating fuels and autonomic activity, and it has a half-life of a 
few minutes. Thus the rapidly fluctuating titers of insulin reaching 
the brain reflect instantaneous metabolic needs as well as total 
body fat. Leptin, on the other hand, has a much longer half-life 
(around 45 minutes) and therefore provides a more stable signal to 
the brain regarding body fat stores. Insulin secretion is more highly 
correlated with visceral fat than with total body fat, and visceral fat 
is highly associated with insulin resistance. Leptin on the other 
hand is more highly correlated with subcutaneous than visceral fat. 
The integration of these different types of signals with central 
controllers of energy homeostasis is the subject of considerable 
ongoing research. 


CENTRAL CONTROL SYSTEMS 


Signals proportional to body adiposity, as well as those that com- 
municate information related to ongoing metabolic processes and 
what is being eaten and processed in the gut, converge in the 
central nervous system (CNS). Within the CNS, these signals act 
on neurochemical systems that influence energy intake and energy 
expenditure. The best-described CNS systems that regulate energy 
homeostasis are in the ventral hypothalamus, and they can be 
roughly divided into those whose activity reduces body fat (cata- 
bolic effector systems) and those whose activity increases body fat 
(anabolic effector systems). !!:°7-147 Anabolic effectors are neuronal 
circuits that elicit increased food intake, decreased energy expendi- 
ture and, consequently, increase stored energy in the form of adi- 
pose tissue. They become more active when energy stores are low, 
as indicated by reduced levels of insulin and leptin (i.e., when the 
body is in negative energy balance). Catabolic effectors are neu- 
ronal pathways that do the opposite. Stimulated during times of 
positive energy balance, they decrease food intake, increase energy 
expenditure, and result in decreased adiposity. A critical aspect of 
this negative feedback system is that adiposity signals appear to 
inhibit anabolic pathways while activating catabolic pathways, and 
the balance between these two pathways is thought to strongly 
influence the individual’s feeding behavior in response to changes 
in the level of adiposity.” 

The catabolic and anabolic effector systems are comprised of a 
number of discrete neurotransmitter systems and axonal pathways 
within the brain, and many important details of this control system 
have emerged in recent years. Although receptors for leptin and 
insulin and binding sites for amylin are located throughout the 
CNS, all three are concentrated in the ARC in the ventral hypothal- 
amus. Hence, ARC neurons are sensitive to these hormones and 
consequently to the degree of body adiposity. 


Anabolic Effector Systems 


The most investigated anabolic effector transmitter is neuropeptide 
Y (NPY). Although NPY mRNA is made widely throughout the 
brain, NPY-synthesizing cell bodies in the ARC are implicated as 
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being particularly important in the control of energy homeostasis. 
Among the many NPYergic projections from these neurons, those 
to the nearby paraventricular nuclei (PVN) of the hypothalamus 
and the lateral hypothalamic area (LHA), appear to be major con- 
trollers of food intake. ARC NPYergic neurons respond to negative 
energy balance (i.e., to food deprivation or starvation) by synthe- 
sizing more NPY mRNA, and more NPY is consequently released 
in the PVN'*8-!*° and presumably the LHA as well. This response 
is proposed to contribute to increased feeding behavior when food 
becomes available. Activation of hypothalamic NPY signaling in 
states of negative energy balance appears to be triggered by re- 
duced levels of adiposity hormones, and the local replacement of 
either insulin or leptin in the vicinity of the ARC in such individu- 
als attenuates the elevated NPY mRNA in the ARC.'**'*' Hence, 
the activity of these ARC NPY neurons is directly influenced by at 
least these two adiposity signals. 

Consistent with its proposed role as an anabolic effector pep- 
tide, administration of exogenous NPY into the PVN or into the ad- 
jacent third cerebral ventricle elicits a rapid and robust increase in 
food intake’*?"'°° and decrease of energy expenditure in ani- 
mals.!°71%8 Repeated daily administration of NPY elicits sustained 
increases of food intake, body weight, and body adiposity,“ 5 and 
local administration into the ARC of antisense oligonucleotides to 
NPY results in reduced NPY synthesis in the ARC and reduced 
food intake and body weight.’™ Thus NPY satisfies the criteria for 
being an anabolic effector peptide. Controversy regarding the exact 
role of NPY stems from experiments on mice with targeted dele- 
tion of the NPY gene. These animals do not have differences in 
food intake or body weight compared to wild-type controls,'™ 
demonstrating that NPY is not required for normal levels of food 
intake and body adiposity to be maintained. However, when NPY- 
deficient mice are crossed with ob/ob mice, the hyperphagia and 
obesity induced by leptin deficiency are partially (but not fully) 
reversed. Consequently, it would appear that while elevated NPY 
signaling is an important part of the phenotype of ob/ob mice, there 
must also be other mediators of the response to leptin deficiency.'*! 


Hypothalamic Catabolic Effector Systems 

At least one catabolic system with effects on energy balance 
opposite to those of the ARC NPY system also originates within 
cell bodies in the ARC. Considerable evidence implicates the hy- 
pothalamic melanocortin system as an important catabolic effector 
system. Melanocortins are a family of peptides that includes ACTH 
and a-melanocyte-stimulating hormone (a-MSH), derived from 
the precursor molecule proopiomelanocortin (POMC). In the 
mammalian forebrain, POMC is synthesized only in ARC neurons 
that are distinct from, but adjacent to, those that synthesize NPY.'° 
One of the neuropeptides cleaved from ARC POMC is a-MSH, a 
peptide transmitter that is an agonist at hypothalamic melanocortin 
receptors that are concentrated in areas such as the PVN and LHA. 
When administered into the third ventricle, a-MSH and other 
melanocortin receptor agonists (including the synthetic drug MTII) 
reduce food intake and body weight. whereas administration of 
synthetic melanocortin receptor antagonists (such as SHU-9119) 
increases food intake and body weight.'**'** POMC gene expres- 
sion is reduced during negative energy balance’ and increased 
during positive energy balance.'®* Consistent with the hypothesis 
that the melanocortin system is important in mediating the effects 
of leptin, leptin receptors are found on POMC neurons in the 
ARC,'* leptin stimulates ARC POMC gene expression," and ad- 
ministration of a melanocortin receptor antagonist blocks the effect 
of leptin to reduce food intake.'™ All of this evidence points to the 
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hypothalamic POMC-a-MSH-melanocortin receptor system as 
being a key catabolic effector pathway capable of eliciting robust 
effects on food intake and body weight that mediates some of the 
effects of adiposity signals in the CNS. Moreover, it suggests 
strongly that normal energy homeostasis is dependent on intact 
melanocortin signaling. 

Two melanocortin receptors, termed MC3 and MC4, have 
been identified within the hypothalamus.!”° Of these, the stronger 
case can be made for MC4 receptors being involved in the con- 
trol of energy homeostasis. When administered into the third ven- 
tricle of the rat, selective MC4 receptor agonists inhibit and se- 
lective MC4 antagonists stimulate food intake.'”' A critical role 
for MC4 receptor signaling in weight regulation is suggested by 
the phenotype of MC4 knockout mice. These animals have in- 
creased food intake and frank obesity, and they are insensitive to 
the actions of nonselective MC4 receptor agonists to reduce food 
intake.'’> MC3 receptor-deficient mice also have increased body 
fat, pur the effect is small and is not driven by increased food in- 
take.'”’ 


Complexities of the Arcuate Nucleus System 

An important interaction that functionally links NPY and 
POMC neurons in the ARC was recently discovered. Surprisingly, 
NPY-synthesizing neurons in the ARC make and secrete a second 
anabolic neuropeptide, agouti-related peptide (AgRP),'*"'”° an 
endogenous antagonist of CNS MC3 and MC4 receptors." Paral- 
lel to what occurs following the administration of exogenous NPY, 
administration of AgRP potently stimulates food intake and body 
weight gain.'**'77'”* Thus the same ARC neurons release two dif- 
ferent orexigenic neuropeptides from their axon terminals. NPY 
acts at NPY receptors (Y1 and Y5 receptor subtypes) to create an 
anabolic effect, whereas AgRP acts at MC4 receptors to inhibit 
a-MSH-mediated catabolic effects (Fig. 10-4). NPY/AgRP neu- 
rons of the ARC thereby promote a positive energy balance and 
weight gain via distinct but complementary mechanisms. 


Other Hypothalamic Systems 


The model discussed here places ARC anabolic and catabolic neu- 
rons at the hub of the system by which input from adiposity signals 
is transduced into behavioral and autonomic responses. The subse- 
quent downstream neuronal events that control energy homeostasis 
are complex and diverse. However, as indicated above, two impor- 
tant areas are the nearby PVN and LHA. Each of these pairs of 
hypothalamic nuclei receives rich inputs from both NPY/AgRP 
and POMC neurons in the ARC,'””:'*° and each synthesizes several 
neuropeptides that are important in the energy balance equation. 
The PVN, for example, contains neurons that synthesize corti- 
cotropin-releasing hormone (CRH), thyrotropin-releasing hormone 
(TRH), and oxytocin, and the central administration of any of these 
has a net catabolic effect.” Since ablation of the PVN causes a 
chronic anabolic condition characterized by hyperphagia and obe- 
sity (see reference 181), a rough generalization is that the PVN is a 
key component of the catabolic effector system. Analogously, the 
LHA, the other major recipient of axons from the ARC, synthe- 
sizes melanocyte-concentrating hormone (MCH)'* and the orex- 
ins.'®™!® These neuropeptides, when administered into the CNS, 
cause a net anabolic response. Thus regulation of activity of ARC 
neurons by input from adiposity signals may alter feeding behavior 
in part via changes in the output of catabolic second-order neurons 
in the PVN and anabolic second-order neurons in the LHA. How- 
ever, leptin and insulin receptors are present in the PVN and other 
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FIGURE 10-4. Model of the initial steps in the hypothalamic control of body fat content. Leptin and insulin are 
secreted and circulate in direct proportion to body fat. leptin directly from white fat and insulin in direct propor- 
tion to white fat. They pass through the blood-brain barrier and interact with two types of cells in the hypothala- 
mic arcuate nucleus. Leptin and insulin inhibit activity in cells that synthesize neuropeptide Y (NPY) and agouti- 
related peptide (AgRP), and they enhance activity in cells that synthesize proopiomelanocortin (POMC). NPY 
interacts with Y1 and/or Y5 receptors on neurons in other hypothalamic areas, causing a net anabolic effect by 
stimulating food intake and decreasing energy expenditure. The peptidergic neurotransmitter cleaved from 
POMC, a-melanocyte-stimulating hormone (a-MSH), interacts with MC4 receptors on neurons in other hypo- 
thalamic areas, causing a net catabolic effect by decreasing food intake and increasing energy expenditure. AgRP 
is an antagonist at those same MC4 receptors, such that AgRP opposes the actions of a-MSH. 


areas, so some neuronal responses to input from these hormones 
are likely to be independent of the ARC. Moreover, LHA neuronal 
systems project dense fiber networks to the ARC that may have 
important effects on the output of NPY/AgRP and POMC neurons. 
A highly integrated and redundant neurobiological system is thus 
likely to mediate feeding responses to a change of energy balance. 


Interaction of Adiposity Signals 
with Signals That Control Meal Size 


A key question concerns how the various control systems described 
in this chapter are integrated in the control of food intake. That is, 
what are the interrelationships among the systems that signal 
ingested calories and control meal size, those that signal adiposity, 
and those hypothalamic neuropeptides and other neurotransmitters 
that receive feeding-pertinent inputs from throughout the brain? Al- 
though precise answers are not yet at hand, a model is emerging that 
is consistent with most of the data, and it is summarized in Fig. 10-5. 

When rats have free access to food and can eat whenever they 
choose. they generally eat 10-12 meals a day, with most intake 
occurring during the night.'**'*® West and associates observed that 
when CCK was administered to free-feeding rats at the onset of 
each meal via an automated delivery system over a l-week period, 
the size of each meal was reduced.'*” However, the rats maintained 
essentially normal total daily caloric intake and body weight, since 
they increased the number of times they initiated meals each day. 
This suggests that administration of exogenous CCK alone is an 
ineffective treatment for losing weight. Nonetheless, rats with a 
chromosomal deletion that mutates CCK-A receptors'*® gradually 
become obese over their lifetime,'®° suggesting that an inability to 
terminate meals appropriately may contribute to a gradual expan- 
sion of body fat." Moreover, CCK and adiposity hormones such 


as insulin or leptin have additive, or even synergistic effects, to 
reduce food intake. For example, rats treated with very low, sub- 
threshold doses of either exogenous insulin or leptin manifest a 
marked increase in the hypophagic response to a low dose of CCK 
given once a day,'°!"'™ and they lose weight beyond that achieved 
by giving these peptides by themselves.'°'°° This observation 
suggests that the efficacy of CCK (and presumably other signals 
that reduce meal size as well, such as amylin*®’) is enhanced in the 
presence of elevated adiposity signaling in the brain. The infusion 
of a low dose of leptin directly into the brain also increases the 
sensitivity of the vagus nerve to gastric distension signals that 
reduce meal size,'”’ and leptin-induced anorexia is, in fact, char- 
acterized by consumption of smaller meals with no change of 
meal frequency.'* The effect of increased adiposity signaling to 
reduce energy intake may therefore depend largely on an increased 
response to signals that terminate meals. 

These observations have important implications. When an 
individual goes on a diet and starts losing weight, there is a con- 
comitant reduction of the secretion of adiposity signals (leptin and 
insulin) and lower titers of these signals enter the brain. In fact, an 
acute fast, in and of itself, is sufficient to reduce the transport of 
insulin!” or leptin'*’ into the brain. One consequence of reduced 
adiposity signaling is a reduced ability of meal-generated peptides 
such as CCK to terminate a meal, with the result that meals will 
tend to be larger until adiposity signaling (and body weight) are 
normalized. Likewise, an individual who overeats and gains weight 
will have increased adiposity signaling in the brain and will conse- 
quently tend to eat smaller meals, providing that they remain sensi- 
tive to adiposity signals. Hence, the net action of this control sys- 
tem is to counter long-term changes in body weight, and it does so 
by changing the average size of meals. Note that individuals are 
still able to eat according to whatever schedule best meets their 
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FIGURE 10-5. Model depicting the multiple levels of input and control of energy homeostasis. Body fat content 
is signaled to the brain via leptin and insulin acting in the hypothalamus. Signals pertinent to food being caten 
arise within the gastrointestinal system and reach the brain through sensory nerves converging in the brain stem. 
The hypothalamic and brain stem areas integrate this information with other factors to determine food intake and 


159 


energy expenditure. 


lifestyle and environmental constraints; it is the meal size rather 7. Dwyer JT. Stone EJ, Yang M, er al: Prevalence of marked overweight 
than the meal pattern that is controlled by this regulatory system. and obesity in a multicthnic pediatric population: findings from the 
‘Aca importantünansweted duestion relatesto WHR happens to Child and Adolescent Trial for Cardiovascular Health (CATCH) 
. p a A PP study. J Am Diet Assoc 2000:100:1 149. 
this control system when the diet is changed. A strong case can be 8. Woods SC, Schwartz MW, Baskin DG, et al: Food intake and the reg- 
made that when individuals habitually consume diets rich in fat, ulation of body weight. Ann Rev Psychol 2000;51:255, 
they tend to become obese.) 7“? This indicates that the normal 9. Collier G: The dialogue between the house economist and the resident 
e ; } F we physiologist. Nutr Behav 1986;3:9. 
feedback signaling system must become altered or insensitive ona 10. Bray G ms The Obese Patient. Saunders: 1976. 
high-fat diet, and biochemical evidence of leptin resistance in the 11. Schwartz MW, Seeley RJ: The new biology of body weight regula- 
hypothalamus is beginning to emerge in animals placed on high-fat tion. J Am Diet Assoc 1997:97:54. 
diets." As the prevalence and associated morbidity of obesity con- 12. Stallone DD. Stunkard AJ: The regulation of body weight: evidence 
tinue to increase in modern society, the importance of understand- and clinical implications. Ann Behav Med 1991;13:220. 
: z eae : ; . 13. Cannon WB: The Wisdom of the Body. Norton:1932. 
ing the interactions between diet and other environmental factors 14. Carlson AJ: Control of Hunger in Health and Disease. University of 
with the weight-regulatory system increases in parallel. Progress in Chicago Press:1916. 
the prevention and treatment of obesity will likely emerge from an 15. Mayer J: Regulation of energy intake and the body weight: The 
improved understanding of these interactions. glucostatic and lipostatic hypothesis. Ann NY Acad Sci 1955;63:14. 
16. Mayer J, Thomas DW: Regulation of food intake and obesity. Science 
t . : , 1967:156:328. 
Acknowledgments Preparation of this review was aided by NIH 17. Levin BE, Dunn-Meynell AA, Routh VH: Brain glucose sensing and 
grants DK 17844, DK 54080, and DK 54890. body energy homeostasis: role in obesity and diabetes. Am J Physiol 
1999:276:R 1223. 
18. Hevener AL. Bergman RN, Donovan CM: Portal vein afferents are 
REFERENCES critical for the sympathoadrenal response to hypoglycemia. Diabetes 
2000:49:8. 
1. Bray GA, Popkin BM: Dietary fat does affect obesity. J Am Clin Nutr 19. Flynn FW: Brain tachykinins and the regulation of salt intake. Ann NY 
1998:68:1157. Acad Sci 1999:897:432. 
2. Flegal KM, Carroll MD, Kuczmarski RJ. er al: Overweight and 20. Stricker EM, Sved AF: Thirst. Nutrition 2000; 16:821. 
obesity in the United States: prevalence and trends, 1960-1994. Int 21. Grossman SP: The role of glucose. insulin and glucagon in the regulation 
J Obes Relat Metab Disord 1998;22:39. of food intake and body weight. Neurosci Biobehav Rev 1986;10:295. 
3. Hill JO, Peters JC: Environmental contributions to the obesity epi- 22. Lotter EC, Woods SC: Injections of insulin and changes of body 
demic. Science 1998;280:1371. weight. Physiol Behav 1977,18:293. 
4. Popkin BM. Doak C: The obesity epidemic is a worldwide phenome- 23. MacKay EM, Calloway JW, Barnes RH: Hyperalimentation in normal 
non. Nutr Rev 1998:56:106. animals produced by protamine insulin. J Nutr 1940;20:59. 
5. Mokdad AH, Serdula MK, Dietz, WH, er al: The continuing epidemic 24. Smith GP, Epstein AN: Increased feeding in response to decreased 
of obesity in the United States. JAMA 2000:284:1650. glucose utilization in rat and monkey. Am J Physiol 1969;217:1083. 
6. Chinn S, Hughes JM, Rona RJ: Trends in growth and obesity in ethnic 25. Langhans W: Metabolic and glucostatic control of feeding. Proc Nutr 


groups in Britain. Arch Dis Child 2000;78:5 13. 


Soc 1996;55:497515. 


160 


26. 


27. 


28. 


29. 


30. 


31. 


32. 
33. 


34. 


35. 


36. 


37. 


38. 


39. 


48. 


49. 


50. 


51. 


52. 


DIABETES MELLITUS 


Langhans W, Scharrer E: Role of fatty acid oxidation in control of 
meal pattern. Behav Neural Biol 1987;47:7. 

Scharrer E, Langhans W: Control of food intake by fatty acid oxida- 
tion. Am J Physiol 1986;250:R 1003. 

Langhans W: Role of the liver in the metabolic control of eating: what we 
know—and what we do not know. Neurosci Biobehav Rev 1996;20:145. 
Virally ML, Guillausseau PJ: Hypoglycemia in adults. Diabetes 
Metab 1999;25:477. 

Epstein AN, Nicolaidis S, Miselis R: The glucoprivic control of food 
intake and the glucostatic theory of feeding behavior. In: Mogenson 
GJ, Calaresci FR, eds. Neural Integration of Physiological Mecha- 
nisms and Behavior. University Press:1975; 148. 

Campfield LA, Smith FJ: Functional coupling between transient de- 
clines in blood glucose and feeding behavior: temporal relationships. 
Brain Res Bull 1986;17:427. 

Campfield LA, Smith FJ: Transient declines in blood glucose signal 
meal initiation. Int J Obes 1990;14(Suppl. 3):15. 

Campfield LA, Smith FJ, Rosenbaum M, et al: Human eating: evi- 
dence for a physiological basis using a modified paradigm. Neurosci 
Biobehav Rev 1996;20:133. 

Campfield LA, Brandon P, Smith FJ: On-line continuous measure- 
ment of blood glucose and meal pattern in free-feeding rats: the role 
of glucose in meal initiation. Brain Res Bull 1985;14:605. 

Campfield LA, Smith FJ: Systemic factors in the control of food in- 
take: Evidence for patterns as signals. In: Stricker EM, ed. Handbook 
of Behavioral Neurobiology. Neurobiology of Food and Fluid Intake. 
Plenum: 1990; 183. 

Smith FJ, Campfield LA: Meal initiation occurs after experimental 
induction of transient declines in blood glucose. Am J Physiol 1993, 
265:R1423. 

de Vries J, Strubbe JH, Wildering WC, er al: Patterns of body temper- 
ature during feeding in rats under varying ambient temperatures. 
Physiol Behav 1993;53:229. 

Even P, Nicolaidis S: Spontaneous and 2DG-induced metabolic 
changes and feeding: The ischymetric hypothesis. Brain Res Bull 
1985;15:429. 

Nicolaidis S, Even P: Mesure du métabolisme de fond en relation avec 
la prise alimentaire: Hypothese iscymétrique. Comptes Rendus Acad- 
emie de Sciences, Paris 1984;298:295. 


. Aravich PF, Stanley EZ, Doerries LE: Exercise in food-restricted rats 


produces 2DG feeding and metabolic abnormalities similar to 
anorexia nervosa. Physiol Behav 1995:57:147. 


. Rieg TS, Aravich PF: Systemic clonidine increases feeding and wheel 


running but does not affect rate of weight loss in rats subjected to 
activity-based anorexia. Pharmacol Biochem Behav 1994,47:215. 


. Sclafani A, Rendel A: Food deprivation-induced activity in dietary 


obese, dietary lean, and normal-weight rats. Behav Biol 1978;24:220. 


. Stevenson JAF, Rixon RH: Environmental temperature and depriva- 


tion of food and water on the spontaneous activity of rats. Yale J Biol 
Med 1957;29:575. 


. Woods SC, Strubbe JH: The psychobiology of meals.Psychonomic 


Bull Rev 1994;1:141. 


. Woods SC, Ramsay DS: Pavlovian influences over food and drug 


intake. Behav Brain Res 2000;110:175. 


. Gibbs J, Young RC, Smith GP: Cholecystokinin decreases food intake 


in rats. J Comp Physiol Psychol 1973;84:488. 


. Smith GP, Gibbs J: The development and proof of the cholecystokinin 


hypothesis of satiety. In: Dourish CT, Cooper SJ, Iversen SD et al, 
eds. Multiple Cholecystokinin Receptors in the CNS. Oxford Univer- 
sity Press,:1992; 166. 

Smith GP, Gibbs J: The satiating effects of cholecystokinin and 
bombesin-like peptides. In: Smith GP, ed. Satiation. From Gut to 
Brain. Oxford: 1998;97. 

Hewson G, Leighton GE, Hill RG, et al: The cholecystokinin receptor 
antagonist L364,718 increases food intake in the rat by attenuation of 
endogenous cholecystokinin. Br J Pharmacol 1988;93:79. 
Reidelberger RD, O’ Rourke MF: Potent cholecystokinin antagonist L- 
364,718 stimulates food intake in rats. Am J Physiol 1989;257:R1512. 
Moran TH, Ameglio PJ, Peyton HJ, er al: Blockade of type A, but not 
type B, CCK receptors postpones satiety in rhesus monkeys. Am 
J Physiol 1993;265:R620. 

Schwartz GJ, McHugh PR, Moran TH: Gastric loads and cholecys- 
tokinin synergistically stimulate rat gastric vagal afferents. Am J 
Physiol 1993;265:R872. 


53. 


54. 


55. 


56. 


57. 
58. 
59. 
60. 


6l. 


62. 


63. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


Schwartz GJ, Tougas G, Moran TH: Integration of vagal afferent re- 
sponses to duodenal loads and exogenous CCK in rats. Peptides 1995; 
16:707. 

Berthoud HR, Powley TL: Vagal afferent innervation of the rat fundic 
stomach: Morphological characterization of the gastric tension recep- 
tor. J Comp Neurol 1992;319:261. 

Smith GP, Jerome C, Cushin BJ, et al: Abdominal vagotomy blocks 
the satiety effect of cholecystokinin in the rat. Science 1981;213:1036. 
Smith GP, Jerome C, Norgren R: Afferent axons in abdominal vagus 
mediate satiety effect of cholecystokinin in rats. Am J Physiol 1985; 
249:R638. 

Gibbs J, Fauser DJ, Rowe EA, er al: Bombesin suppresses feeding in 
rats. Nature 1979;282:208. 

Geary N: Glucagon and the control of meal size. In: Smith GP, ed. 
Satiation: From Gut to Brain. Oxford University Press: 1998; 164. 
Lotter EC, Krinsky R, McKay JM, et al: Somatostatin decreases food 
intake of rats and baboons. / Comp Physiol Psychol 1981;95:278. 
Erlanson—Albertsson C, York D: Enterostatin—a peptide regulating 
fat intake. Obes Res 1997;5:360. 

York DA, Lin L, Smith B, er al: Enterostatin as a regulator of fat in- 
take. In: Berthoud HR, Seeley RJ, eds. Neural and Metabolic Control 
of Macronutrient Intake. CRC Press:2000;295. 

Fujimoto K, Machidori H, Iwakiri R, et al: Effect of intravenous ad- 
ministration of apolipoprotein A-IV on patterns of feeding, drinking 
and ambulatory activity in rats. Brain Res 1993;608:233. 

Tso P, Liu M, Kalogeris TJ: The role of apolipoprotein A-IV in food 
intake regulation. J Nurr 1999; 129:1503. 


. Smith GP, ed: Satiation: From Gut to Brain. Oxford University Press: 


1998. 


. Stein LJ, Woods SC: Cholecystokinin and bombesin act independ- 


ently to decrease food intake in the rat. Peptides 1981;2:431. 


. Geary N, Kissileff HR, Pi-Sunyer FX, et a/: Individual, but not simul- 


taneous, glucagon and cholecystokinin infusions inhibit feeding in 
men. Am J Physiol 1992;262:R975. 

Butler PC, Chou J, Carter WB, er al: Effects of meal ingestion on 
plasma amylin concentration in NIDDM and nondiabetic humans. 
Diabetes 1990;39:752. 

Lukinius A, Wilander E, Westermark GT, er al: Co-localization of 
islet amyloid polypeptide and insulin in the B cell secretory granules 
of the human pancreatic islets. Diabetologia 1989;32:240. 

Pieber TR, Roitelman J, Lee Y, ef al: Direct plasma radioimmunoas- 
say for rat amylin-(1-37): concentrations with acquired and genetic 
obesity. Am J Physiol 1994:267:E156. 

Banks WA, Kastin AJ, Maness LM, et al: Permeability of the blood- 
brain barrier to amylin. Life Sci 1995:57:1993. 

Banks WA, Kastin AJ: Differential permeability of the blood-brain 
barrier to two pancreatic peptides: insulin and amylin. Peptides 1998; 
19:883. 

Beaumont K, Kenney MA, Young AA, ef al: High affinity amylin 
binding sites in rat brain. Mol Pharmacol 1993;44:493. 
Christopoulos G, Paxinos G, Huang XF, et al: Comparative distribu- 
tion of receptors for amylin and the related peptides calcitonin gene 
related peptide and calcitonin in rat and monkey brain. Can J Physiol 
Pharmacol 1995;73:1037. 

Sexton PM, Paxinos G, Kenney MA, et al: In vitro autoradiographic 
localization of amylin binding sites in rat brain. Neuroscience 1994; 
62:553. 

Cooper GJ: Amylin compared with calcitonin gene-related peptide: 
structure, biology. and relevance to metabolic disease. Endocr Rev 
1994:15:163. 

Amelo U, Permert J. Adrian TE, et al: Chronic infusion of islet amy- 
loid polypeptide causes anorexia in rats. Am J Physiol 1996;271: 
R1654. 

Lutz TA, Del Prete E, Scharrer E: Reduction of food intake in rats by 
intraperitoneal injection of low doses of amylin. Physiol Behav 1994, 
55:891. 

Reidelberger RD, Amelo U, Granqvist L, et al: Comparative effects of 
amylin and cholecystokinin on food intake and gastric emptying in 
rats. Am J Physiol 2001;280:R605. 

Young A: Role of amylin in nutrient intake—animal studies. Diabet 
Med 1997;14(Suppl. 2):S14. 

Gebre-Medhin S, Mulder H, Pekny M, et al: Increased insulin secre- 
tion and glucose tolerance in mice lacking islet amyloid polypeptide 
(amylin). Biochem Biophys Res Commun 1998;250:271. 


CH 


81 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


102. 


103. 


104. 


105. 


106. 


107. 


APTER 10 


. Rushing PA, Hagan MM, Seeley RJ, et al: Amylin: A novel action in 
the brain to reduce body weight. Endocrinology 2000;141:850. 
Chance WT, Balasubramaniam A, Chen X, et al: Tests of adipsia and 
conditioned taste aversion following the intrahypothalamic injection 
of amylin. Peptides 1992:13:961. 

Lutz TA, Geary N, Szabady MM, er al: Amylin decreases meal size in 

rats. Physiol Behav 1995;58:1197. 

Rushing PA, Lutz TA, Seeley RJ, et al: Amylin and insulin interact to 

reduce food intake in rats. Horm Metab Res 2000;32:62. 

Bhavsar S, Watkins J, Young A: Synergy between amylin and chole- 

cystokinin for inhibition of food intake in mice. Physiol Behav 1998; 

64:557. 

Keesey RE: A set-point model of body weight regulation and its im- 

plications for obesity. In: Brownell KD, Fairburn CG. eds. Compre- 

hensive Textbook of Eating Disorders and Obesity. Guilford Press, 

NY:1995;46. 

Keesey RE: Physiological regulation of body weight and the issue of 

obesity. Med Clin North Am 1989:73:15. 

Pinel JPJ, Assanand S, Lehman DR: Hunger, eating and ill health. Am 

Psychol 2000;55:1 105. 

Schwartz MW, Seeley RJ: Neuroendocrine responses to starvation 

and weight loss. N Engl J Med 1997;336:1802. 

Woods SC, Seeley RJ. Porte DJ, et al: Signals that regulate food 

intake and energy homeostasis. Science 1998;280:1378. 

Kennedy GC: The role of depot fat in the hypothalamic control of 

food intake in the rat. Proc Roy Soc Lond (Biol) 1953;140:579. 

Oomura Y: Significance of glucose, insulin, and free fatty acid on the 

hypothalamic feeding and satiety neurons. In: Novin D, Wyrwicka W, 

Bray GA, eds. Hunger. Basic Mechanisms and Clinical Implications. 

Raven Press: 1976;145. 

Loftus TM, Jaworsky DE, Frehywot GL, et al: Reduced food intake 

and body weight in mice treated with fatty acid synthase inhibitors. 

Science 2000;288:2299. 

. Friedman MI: Fuel partitioning and food intake. J Am Clin Nutr 1998; 
67(Suppl. 3):513S. 

. Hervey GR: The effects of lesions in the hypothalamus in parabiotic 
rats. J Physiol 1952;145:336. 

. Schwartz MW, Baskin DG. Kaiyala KJ, er al: Model for the regulation 
of energy balance and adiposity by the central nervous system. J Am 
Clin Nutr 1999;69:584. 

. Schwartz MW, Woods SC, Porte DJ, ef al: Central nervous system 
control of food intake. Nature 2000;404:661. 

. Woods SC: Insulin and the brain: A mutual dependency. Prog Psy- 
chobiol Physiol Psychol 1996:16:53. 

. Schwartz MW, Figlewicz DP, Baskin DG, er al: Insulin in the 
brain: a hormonal regulator of energy balance. Endocrine Rev 1992: 
13:387. 

. Polonsky KS, Given BD, Hirsch L, er al: Quantitative study of insulin 
secretion and clearance in normal and obese subjects. J Clin Invest 
1988;81:435. 

. Polonsky BD, Given E, Carter V: Twenty-four-hour profiles and pul- 

satile patterns of insulin secretion in normal and obese subjects. J Clin 

Invest 1988:81:442. 

Bagdade JD, Bierman EL, Porte D, Jr. The significance of basal 

insulin levels in the evaluation of the insulin response to glucose 

in diabetic and nondiabetic subjects. J Clin Invest 1967:46:1549- 

1557. 

Schwartz, MW, Sipols AJ, Kahn SE, er al: Kinetics and specificity of 

insulin uptake from plasma into cerebrospinal fluid. Am J Physiol 

1990;259:E378. 

Schwartz MW, Bergman RN. Kahn SE, er al: Evidence for uptake of 

plasma insulin into cerebrospinal fluid through an intermediate 

compartment in dogs. J Clin Invest 1991;88:1272. 

Corp ES, Woods SC, Porte D, er al: Localization of '™T-insulin 

binding sites in the rat hypothalamus by quantitative autoradiography. 

Neurosci Lett 1986:70:17. 

Figlewicz DP. Dorsa DM, Stein LJ, er al: Brain and liver insulin bind- 

ing is decreased in Zucker rats carrying the “fa” gene. Endocrinology 

1985;117:1537. 

Baskin DG, Marks JL, Schwartz, MW, et al: Insulin and insulin re- 

ceptors in the brain in relation to food intake and body weight. 

In: Lehnert H, Murison R, Weiner H. er al, eds. Endocrine and Nu- 

tritional Control of Basic Biological Functions. Hogrefe & Huber: 

1990:202. 


FOOD INTAKE AND ENERGY BALANCE 


108. 


109. 


1. 


112. 


161 


LeRoith D, Rojeski M, Roth J: Insulin receptors in brain and other 
tissues: similarities and differences. Neurochem Int 1988:12:419. 
Woods SC, Lotter EC, McKay LD, et al: Chronic intracerebroventric- 
ular infusion of insulin reduces food intake and body weight of ba- 
boons. Nature 1979;282:503. 


. Woods SC, Figlewicz DP, Schwartz MW, et al: A re-assessment of the 


regulation of adiposity and appetite by the brain insulin system. Jnt 
J Obesity 1990;14(Supp! 3):69. 

Woods SC, Chavez M, Park CR, er al: The evaluation of insulin as a 
metabolic signal controlling behavior via the brain. Neurosci Bio- 
behav Rev 1996;20:139. 

Schwartz MW, Figlewicz DP, Baskin DG, et al: Insulin and the central 
regulation of energy balance: update 1994. Endocrine Monogr Rev 
1994;2:109. 


. McGowan MK, Andrews KM, Kelly J, et al: Effects of chronic in- 


uahypothalamic infusion of insulin on food intake and diurnal meal 
patterning in the rat. Behav Neurosci 1990; 104:373. 


. van Dijk G, de Groote C. Chavez M, et al: Insulin in the arcuate nu- 


cleus reduces fat consumption in rats. Brain Res 1997;777:147. 


. Strubbe JH, Mein CG: Increased feeding in response to bilateral in- 


jection of insulin antibodies in the VMH. Physiol Behav 1977;19: 
309. 


. McGowan MK, Andrews KM, Grossman SP: Chronic intrahypothala- 


mic infusions of insulin or insulin antibodies alter body weight and 
food intake in the rat. Physiol Behav 1992;51:753. 


. Brüning JC, Gautam D, Burks DJ. et al: Role of brain insulin receptor 


in control of body weight and reproduction. Science 2000;289:2122. 


. Burks DJ. de Mora JF, Schubert M, er al: IRS-2 pathways integrate fe- 


male reproduction and energy homeostasis. Nature 2000;407:377. 


. Stubdal H, Lynch CA, Moriarty A, et al: Targeted deletion of the tub 


mouse obesity gene reveals that tubby is a loss-of-function mutation. 
Mol Cell Biol 2000;20:878. 


. Woods SC, Stein LJ, McKay LD, er al: Suppression of food intake by 


intravenous nutrients and insulin in the baboon. Am J Physiol 1984, 
247:R393. 


. Vanderweele DA. Haraczkiewicz E, Van Itallie TB: Elevated insulin 


and satiety in obese and normal weight rats. Appetite 1982;3:99. 


. Nicolaidis S, Rowland N: Metering of intravenous versus oral nutri- 


ents and regulation of energy balance. Am J Physiol 1976;231:661. 


. Chavez M, Kaiyala K, Madden LJ, et af: Intraventricular insulin and 


the level of maintained body weight in rats. Behav Neurosci 1995; 
109:528. 


. Chavez M, Seeley RJ, Woods SC: A comparison between the effects 


of intraventricular insulin and intraperitoneal LiCl on three measures 
sensitive to emetic agents. Behav Neurosci 1995;109:547. 


. Coleman DL: Effects of parabiosis of obese with diabetes and normal 


mice. Diabetologia 1973;9:294. 


. Zhang Y. Proenca R. Maffie M, er al: Positional cloning of the mouse 


obese gene and its human homologue. Nature 1994;372:425. 


. Considine RV, Sinha MK. Heiman ML, et al: Serum immunoreactive- 


leptin concentrations in normal-weight and obese humans. N Engl 
J Med 1996;334:292. 


. Rosenbaum M, Nicolson M, Hirsch J, et al: Effects of gender. body 


composition, and menopause on plasma concentrations of leptin. 
J Clin Endocrinol Metab 1996:81:3424. 


. Havel PJ, KasimKarakas S, Mueller W., et al: Relationship of plasma 


leptin to plasma insulin and adiposity in normal weight and over- 
weight women: Effects of dietary fat content and sustained weight 
loss. J Clin Endocrinol Metab 1996;81:4406. 


. Havel PJ: Mechanisms regulating leptin production: Implications for 


control of energy balance. J Am Clin Nutr 1999;70:305. 


. Ahren B, Mansson S, Gingerich RL, ef al: Regulation of plasma leptin 


in mice: Influence of age, high-fat diet and fasting. Am J Physiol 
1997;273:R113. 


. Boden G. Chen X, Mozzoli M, er al: Effect of fasting on serum leptin 


in normal human subjects. J Clin Endocrinol Metab 1996;81:3419. 


. Wisse BE, Campfield LA, Martiss EB, et al: Effect of prolonged mod- 


erate and severe energy restriction and refeeding on plasma leptin 
concentrations in obese women. J Am Clin Nutr 1999;70:321. 


. Banks WA, Kastin AJ. Huang W, et al: Leptin enters the brain by a 


saturable system independent of insulin. Peptides 1996;17:305. 


5. Caro JF, Kolaczynski JW, Nyce MR, et al: Decreased cerebrospinal- 


fluid/serum leptin ratio in obesity: a possible mechanism for leptin 
resistance. Lancer 1996;348:159. 


162 


136. 


137. 


138. 


139. 


140. 


141. 


142. 


146. 


147. 


148. 


149. 


150. 


151. 


152. 


153. 


154. 


155. 


156. 


157. 


158. 


159. 


DIABETES MELLITUS 


Golden PL, Maccagnan TJ, Pardridge WM: Human blood-brain bar- 
rier leptin receptor: Binding and endocytosis in isolated human brain 
microvessels. J Clin Invest 1997;99:14. 

Karonen S-L, Koistinen HA, Nikkinen P, et al: Is brain uptake of 
leptin in vivo saturable and reduced by fasting? Eur J Nucl Med 1998, 
25:607. 

Schwartz MW, Peskind E, Raskind M, er al: Cerebrospinal fluid leptin 
levels: Relationship to plasma levels and to adiposity in humans. Nat 
Med 1996;2:589. 

Baskin DG, Schwartz MW. Seeley RJ, et al: Leptin receptor long 
form splice variant protein expression in neuron cell bodies of the 
brain and colocalization with neuropeptide Y mRNA in the arcuate 
nucleus. J Histochem Cytochem 1999;47:353. 

Baskin DG, Breininger JF, Schwartz MW: Leptin receptor mRNA 
identifies a subpopulation of neuropeptide Y neurons activated by 
fasting in rat hypothalamus. Diaberes 1999;48:828. 

Campfield LA, Smith FJ, Gulsez Y, et al: Mouse OB protein: Evi- 
dence for a peripheral signal linking adiposity and central neural 
networks. Science 1995;269:546. 

Pelleymounter MA, Cullen MJ, Baker MB, et al: Effects of the obese 
gene product on body weight regulation in ob/ob mice. Science 1995; 
269:540. 


. Seeley RJ, van Dijk G, Campfield LA, et al: The effect of intraven- 


tricular administration of leptin on food intake and body weight in the 
rat. Horm Metab Res 1996;28:664. 


. Farooqi IS, Jebb SA, Langmack G, et al: Effects of recombinant lep- 


tin therapy in a child with congenital leptin deficiency. N Engl J Med 
1999;341:913. 


. Thiele TE, van Dijk G, Campfield LA, et al: Central administration of 


GLP-|, but not leptin, produce conditioned taste aversions in the rat. 
Am J Physiol 1997;272:R726. 

Montague CT, Farooqi IS, Whitehead JP, et al: Congenital leptin defi- 
ciency is associated with severe early-onset obesity in humans. Nature 
1997;387:903. 

Kaiyala KJ, Woods SC, Schwartz MW: New model for the regulation 
of energy balance by the central nervous system. J Am Clin Nutr 
1995.62(Suppl.): 1123S. 

Kalra SP, Dube MG, Sahu A, er al: Neuropeptide Y secretion in- 
creases in the paraventricular nucleus in association with increased 
appetite for food. Proc Natl Acad Sci USA 1991;88:10931. 

Sahu A, Sninsky CA, Kalra PS, et al: Neuropeptide Y concentration in 
microdissected hypothalamic regions and in vitro release from the 
medial basa! hypothalamus-preoptic area of streptozotocin-diabetic 
rats with and without insulin substitution therapy. Endocrinology 
1990;126:192. 

Schwartz MW, Sipols AJ, Marks JL, et al: Inhibition of hypothalamic 
neuropeptide Y gene expression by insulin. Endocrinology 1992;130: 
3608. 

Schwartz MW, Baskin DG, Bukowski TR, er al: Specificity of leptin 
action on elevated blood glucose levels and hypothalamic neuropep- 
tide Y gene expression in ob/ob mice. Diabetes 1996:45:531. 

Clark JT, Kalra PS. Crowley WR, et al: Neuropeptide Y and human 
pancreatic polypeptide stimulate feeding behavior in rats. Endocrinol- 
ogy 1984:115:427, 

Sahu S, Kalra S: Neuropeptidergic regulation of feeding behavior. 
Trends Endocrinol Metab 1993;4:217. 

Seeley RJ, Benoit SC, Davidson TL: The discriminative cues pro- 
duced by NPY administration do not generalize to the interoceptive 
cues produced by food deprivation. Physiol Behav 1995,58:1237. 
Stanley BG, Kyrkouli SE, Lampert S, er al: Neuropeptide Y chroni- 
cally injected into the hypothalamus: A powerful neurochemical 
inducer of hyperphagia and obesity. Peptides 1986;7:1189. 

Stanley BG: Neuropeptide Y in multiple hypothalamic sites controls 
eating behavior, endocrine, and autonomic systems for energy bal- 
ance. In: Colmers WF, Wahlestedt C, eds. The Biology of Neuropep- 
tide Y and Related Peptides. Humana Press: 1993;457. 

Billington CJ, Briggs JE, Grace M, er al: Effects of intracerebroven- 
tricular injection of neuropeptide Y on energy metabolism. Am 
J Physiol 1991;260:R321. 

Billington CJ, Briggs JE, Harker S, et al: Neuropeptide Y in hypothal- 
amic paraventricular nucleus: a center coordinating energy metabo- 
lism. Am J Physiol 1994;266:R1765. 

Akabayashi A, Wahlestedt C, Alexander JT, et al: Specific inhibition 
of endogenous neuropeptide Y synthesis in arcuate nucleus by anti- 


160. 


168. 


169. 


170. 


171. 


172. 


173. 


174. 


175. 


176. 


177. 


178. 


179. 


sense oligonucleotides suppresses feeding behavior and insulin se- 
cretion. Brain Res 1994;21:55. 

Erickson JC, Clegg KE, Palmiter RD: Sensitivity to leptin and sus- 
ceptibility to seizures of mice lacking neuropeptide Y. Nature 1996; 
381:415. 


. Erickson JC, Hollopeter G, Palmiter RD: Attenuation of the obesity 


syndrome of ob/ob mice by the loss of neuropeptide Y. Science 1996; 
274:1704. 


. Elias CF. Lee C, Kelly J, et al: Leptin activates hypothalamic CART 


neurons projecting to the spinal cord. Neuron 1998;21:1375. 


. Fan W, Boston B, Kesterson R, et al: Role of melanocortinergic neu- 


rons in feeding and the agouti obesity syndrome. Nature 1997;385:165. 


. Seeley R, Yagaloff K, Fisher S, et al: Melanocortin receptors in leptin 


effects. Nature 1997;390:349. 


. Thiele T, van DG, Yagaloff K, er al: Central infusion of melanocortin 


agonist MTII in rats: assessment of c-Fos expression and taste aver- 
sion. Am J Physiol 1998;274:R248. 


. Tsujii S, Bray GA: Acetylation alters the feeding response to MSH 


and beta-endorphin. Brain Res Bull 1989;23:165. 


. Schwartz MW, Seeley RJ, Weigle DS, et al: Leptin increases hypo- 


thalamic proopiomelanocortin (POMC) mRNA expression in the 
rostral arcuate nucleus. Diabetes 1997;46:2119. 

Hagan M, Rushing P, Schwartz M, er al: Role of the CNS 
melanocortin system in the response to overfeeding. J Neurosci 1999; 
19:2362. 

Cheung CC, Clifton DK, Steiner RA: Proopiomelanocortin neurons 
are direct targets for leptin in the hypothalamus. Endocrinology 1997, 
138:4489, 

Mountjoy K, Mortrud M, Low M, ef al: Localization of the 
melanocortin-4 receptor (MC4-R) in neuroendocrine and autonomic 
control circuits in the brain. Mol Endocrinol 1994;8:1298. 

Benoit SC, Schwartz MW, Lachey JL, et al: A novel selective 
melanocortin-4 receptor agonist reduces food intake in rats and mice 
without producing aversive consequences. J Neurosci 2000;20:3442. 
Huszar D, Lynch CA, Fairchild-Huntress V, er al: Targeted disruption 
of the melanocortin-4 receptor results in obesity in mice. Cell 1997; 
88:131. 

Chen AS, Marsh DJ, Trumbauer ME, et al: Inactivation of the mouse 
melanocortin-3 receptor results in increased fat mass and reduced lean 
body mass [In Process Citation]. Nat Genet 2000;26:97. 

Hahn TM, Breininger JF, Baskin DG, et al: Coexpression of Agrp and 
NPY in fasting-activated hypothalamic neurons. Nat Neurosci 1998; 
1:271. 

Ollmann M, Wilson B. Yang Y, et al: Antagonism of central 
melanocortin receptors in vitro and in vivo by agouti-related protein. 
Science 1997;278:135. 

Shutter J, Graham M, Kinsey A, er al: Hypothalamic expression of 
ART, a novel gene related to agouti, is up-regulated in obese and dia- 
betic mutant mice. Genes Dev 1997;1 1:593. 

Rossi M, Kim M, Morgan D, er al: A C-terminal fragment of Agouti- 
related protein increases feeding and antagonizes the effect of alpha- 
melanocyte stimulating hormone in vivo. Endocrinology 1998;139: 
4428. 

Hagan MM, Rushing PA, Pritchard LM, er al: Long-term orexi- 
genic effects of AgRP-(83-132) involve mechanisms other than 
melanocortin receptor blockade. Am J Physiol 2000;279:R47. 
Elmquist JK, Maratos-Flier E, Saper CB, et al: Unraveling the central 
Nervous system pathways underlying responses to leptin. Nat 
Neurosci 1998;1:445. 


. Elmquist JK, Elias CF, Saper CB: From lesions to leptin: Hypothala- 


mic control of food intake and body weight. Neuron 1999;22:221. 


. Bray GA, Fisler J, York DA: Neuroendocrine control of the develop- 


ment of obesity: understanding gained from studies of experimental 
animal models. Front Neuroendocrinol 1990;1 1:128. 


. Qu D, Ludwig DS, Gammeltoft S, et al: A role for melanin-concen- 


trating hormone in the central regulation of feeding behaviour. Nature 
1996:380:243. 


. de Lecea L, Kilduff TS, Peyron C, et al: The hypocretins: hypothala- 


mus-specific peptides with neuroexcitatory activity. Proc Nat Acad 
Sci USA 1998;95:322. 


. Sakurai T, Amemiya A, Ishii M, er al: Orexins and orexin receptors: 


a family of hypothalamic neuropeptides and G protein-coupled re- 
ceptors that regulate feeding behavior [see comments]. Cell 1998;92: 
573. 


CHAPTER 10 


185. 
186. 


187. 


188. 


189. 


190. 


191. 


192. 


193. 


194. 


Kissileff HR, Van Itallie TB: Physiology of the control of food intake. 
Ann Rev Nutr 1982:2:371. 

Le Magnen J: Peripheral and systemic actions of food in the caloric 
regulation of intake. Ann NY Acad Sci 1969;157:1126. 

West DB, Fey D, Woods SC: Cholecystokinin persistently suppresses 
meal size but not food intake in free-feeding rats. Am J Physiol 1984; 
246:R776. 

Miyasaka K, Kanai S, Ohta M, er al: Lack of satiety effect of chole- 
cystokinin (CCK) in a new rat model not expressing the CCK-A re- 
ceptor gene. Neurosci Lett 1994;180:143. 

Kawano K, Hirashima T. Mori S. er al: Spontaneous long-term hyper- 
glycemic rat with diabetic complications. Otsuka Long-Evans 
Tokushima Fatty (OLETF) strain. Diabetes 1992:41:1422. 

Schwartz GJ, Whitney A, Skogland C. er al: Decreased responsive- 
ness to dietary fat in Otsuka Long-Evans Tokushima fatty rats lacking 
CCK-A receptors. Am J Physiol 1999;277:R1 144. 

Barrachina MD, Martinez V, Wang L, et al: Synergistic interaction be- 
tween leptin and cholecystokinin to reduce short-term food intake in 
lean mice. Proc Natl Acad Sci USA 1997;94:10455. 

Figlewicz DP, Sipols AJ, Secley RJ, er al: Intraventricular insulin 
enhances the meal-suppressive efficacy of intraventricular cholecys- 
tokinin octapeptide in the baboon. Behav Neurosci 1995:109:567. 
Riedy CA, Chavez M, Figlewicz DP, et al: Central insulin enhances 
sensitivity to cholecystokinin. Physiol Behav 1995;58:755. 

Matson CA, Wiater MF, Kuijper JL, et al: Synergy between leptin and 
cholecystokinin (CCK) to control daily caloric intake. Peprides 1997; 
18:1275. 


FOOD INTAKE AND ENERGY BALANCE 


195. 


196. 


197. 


198. 


199. 


200. 
201. 
202. 


203. 


204. 


163 


Matson CA, Ritter RC: Long-term CCK-leplin synergy suggests a 
role for CCK in the regulation of body weight. Am J Physiol 1999; 
276:R1038. 

Matson CA, Reid DF, Cannon TA. et al: Cholecystokinin and leptin act 
synergistically to reduce body weight. Am J Physiol 2000;278:R882. 
Schwartz GJ, Moran TH: Sub-diaphragmalic vagal afferent integra- 
tion of meal-related gastrointestinal signals. Neurosci Biobehav Rev 
1996:20:47. 

Flynn MC. Plata-Salaman CR: Leptin (OB protein) and meal size. 
Nutrition 1999:15:508. 

Strubbe JH, Porte DJ, Woods SC: Insulin responses and glucose levels 
in plasma and cerebrospinal fuid during fasting and refeeding in the 
rat. Physiol Behav 1988;44:205. 

Lichtenstein AH, Kennedy E, Barrier P. ef al: Dietary fat consumption 
and health. Nutr Rev 1998;56:S3. 

Poppitt SD: Energy density of diets and obesity. Int J Obes 1995; 
19(Suppl):S20. 

Willett WC: Is dietary fat a major determinant of body fat? J Aim Clin 
Nutr 1998:67(Suppl):556S. 

El-Haschimi K, Pierroz DD, Hileman SM. et al: Two defects con- 
tribute to hypothalamic leptin resistance in mice with diet-induced 
obesity. J Clin Invest 2000:105: 1827. 

Bernstein IL. Lotter EC, Kulkosky PJ: Effect of force-fecding upon 
basal insulin levels in rats. Proc Soc Exp Biol Med 1975;150:546. 


CHAPTER 11 


Diabetes and Atherosclerosis 


Daniel Steinberg 


Diabetic patients frequently suffer from microvascular disease, but 
they die more commonly from macrovascular disease. Atheroscle- 
rosis affecting the cerebral arteries and the peripheral vasculature 
takes a toll, but myocardial infarction certainly leads as cause of 
death. Physicians caring for diabetic patients must be as concerned 
about the other risk factors for coronary artery disease as they are 
about the control of glycemia in their patients. Certainly the dia- 
betic patient in poor metabolic control manifests significant de- 
rangements of lipoprotein metabolism and this deserves attention. 
However, diabetic patients who are well controlled do not have sig- 
nificant hypercholesterolemia and only minimal hypertriglyc- 
eridemia. Yet they are at significantly higher risk for premature 
coronary heart disease (CHD). Why? Perhaps due to low high- 
density lipoprotein (HDL) levels or hypertriglyceridemia. But the 
blunt answer is that we simply do not know. (The disturbances in 
lipid metabolism and lipoprotein patterns encountered in diabetes 
are discussed in detail in Chap. 47). However, there is reason to 
believe that every effort should be made to correct the acknowl- 
edged risk factors for CHD in diabetic patients just as in nondia- 
betic persons—but even more aggressively, because they are at 
higher risk. Most of the risk factors, including dyslipidemia, ciga- 
rette smoking, hypertension, and obesity, have been shown to apply 
equally in the presence of diabetes mellitus and. in general, they 
can be treated in the same ways. Moreover, clinical intervention tri- 
als have now shown that diabetic subjects benefit at least as much 
from lipid-lowering therapy as do nondiabetics.'* 

This chapter summarizes recent advances in the understanding 
of the pathogenesis of atherosclerosis. Over the last two decades a 
great deal has been learned about the cellular and molecular events 
in the artery wall that lead to the initiation and progression of le- 
sions. Advances in cell biology and molecular biology have led to 
the elucidation of a generally agreed-upon sequence of events for 
lesion initiation in the artery wall and the identification of a number 
of growth factors and cytokines that influence those events. Partic- 
ular interest is focused on the role of oxidative modification of 
LDL in atherogenesis, and some evidence is available to suggest 
that oxidation of LDL may proceed at a higher rate in diabetic ani- 
mals. The purpose of this chapter is to briefly review current under- 
standing of atherogenesis and to point out some of the ways that di- 
abetes mellitus may accelerate the process. 


CURRENT CONCEPTS OF ATHEROGENESIS 


It is probably a mistake to think of atherosclerosis as a single, well- 
defined disease entity. It is more likely that it has multiple causes 


and that the weight of each potential cause varies from individual 
to individual and possibly even from lesion to lesion. The best es- 
tablished risk factor—and the one most clearly demonstrated to act 
directly on the vessel wall—is hyperlipoproteinemia. The strik- 
ingly low incidence of CHD morbidity and mortality in the Japan- 
ese population, where total cholesterol levels have in the past aver- 
aged about 165 mg/dL, speaks volumes about the importance of 
hypercholesterolemia as a risk factor.’ This is not reflective of a ge- 
Netic resistance to cholesterol-induced atherosclerosis, because the 
Japanese who migrate and adopt Western diets in Honolulu or San 
Francisco acquire higher cholesterol levels and with them a higher 
incidence of coronary artery disease.* The low incidence in Japan 
is especially remarkable because smoking and hypertension, the 
two most important additional risk factors, are so prevalent in that 
population. 

There is now general acceptance that an elevated low-density 
lipoprotein (LDL) or a low HDL level constitutes an important de- 
terminant of atherosclerosis, and national programs are in place to 
deal with dyslipidemia. Many studies have now demonstrated that 
correction of hypercholesterolemia reduces the rate of progression 
of atherosclerosis and reduces the incidence of CHD morbidity and 
mortality.'"** Only recently, however, have we begun to under- 
stand the mechanisms by which a high LDL level in the plasma in- 
fluences the initiation and progression of the arterial lesion. In the 
following sections an outline of the current consensus regarding 
the processes in the artery wall triggered by hypercholesterolemia 
is presented. A discussion follows of how diabetes mellitus may in- 
tersect with and influence the rate at which these processes occur. 
An overall schema is presented in Fig. 11-1. 


Initiation: The Fatty Streak 


The fatty streak is the earliest grossly detectable lesion of athero- 
sclerosis. It is a very slightly elevated, yellowish lesion made up 
predominantly of lipid-laden foam cells. Most of these are derived 
from circulating monocytes; a smaller number are derived from 
smooth muscle cells (SMCs). The endothelial lining overlying a 
fatty streak is intact. The view that loss of endothelial cells might 
be a necessary first step in the initiation of atherogenesis has been 
largely discounted. Many carefully conducted studies show no loss 
of endothelial cells until later in the course of the disease. How- 
ever, the loss of endothelial cells may signal the transition from 
the first phase of atherosclerosis to the second phase. Thus, the 
monocyte-derived foam cells represent mostly circulating mono- 
cytes that have penetrated between endothelial cells, entered the 
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FIGURE 11-1. Schematic summary of the unit processes in the aortic wall contributing to atherogenesis. 


(Reprinted with permission from Steinberg et al.**) 


intima, and taken up lipoproteins with the consequent storage of 
cholesterol esters in multiple droplets. 

One of the earliest observable responses in animals fed a 
cholesterol-rich diet is an increase in the adherence of circulating 
monocytes to the arterial endothelium. This was first emphasized 
by Gerrity’ and confirmed many times over. Hypercholesterolemia 
in some way induces the expression of specific adhesion molecules 
on the endothelial cells, one of which is vascular cell adhesion 
molecule-1 (VCAM-1) as shown by Li and colleagues.* Hypercho- 
lesterolemia may also influence the behavior of the circulating 
monocyte by increasing the probability of its adhesion to endothe- 
lium. A large body of literature is developing regarding the se- 
lectins and integrins involved in cell-cell interactions, and it seems 
likely that many additional adhesion molecules will be defined as 
research progresses. The monocytes that adhere then penetrate in 
response to chemotactic factors, some of which have been identi- 
fied. Oxidatively modified LDL can act directly as a chemoattrac- 
tant.” It can also act indirectly by stimulating release of monocyte 
chemoattractant protein-1 (MCP-1) from endothelial cells.'° The 
central importance of monocyte chemoattractant protein 1 (MCP- 
1) and its receptor on the monocyte CCR2 (CC chemokine receptor 
2) has been established by gene targeting. Knocking out either 
gene in a mouse model of atherosclerosis slows lesion progression 
by 50-80%.'!-!? Platelet-derived growth factor (PDGF) produced 
by endothelial cells, macrophages, and SMCs is another candidate 
chemoattractant. 

Once in the subendothelial space, the monocyte undergoes a 
differentiation process that radically alters the repertoire of genes 


expressed and the cell acquires the properties of an arterial tissue 
macrophage. Exactly how this differentiation is accomplished 
remains uncertain, but it is known that macrophage colony- 
stimulating factor (MCSF), produced by endothelial cells and 
macrophages and whose production can be enhanced by oxidized 
LDL," speeds this differentiation process. 

The next step is the accumulation of lipids. It is known that 
these lipids have their origin in the plasma lipoproteins. The artery 
wall itself synthesizes almost no cholesterol and the lipid in the 
foam cells is primarily cholesterol esters. Studies in experimental 
animals, and some studies in humans, support the conclusion that 
essentially all of the cholesterol esters that accumulate are derived 
from circulating lipoproteins. Here a paradox is encountered. In 
cell culture, neither the circulating monocyte, the tissue 
macrophage, or the smooth muscle cell can take up native LDL fast 
enough to build up their cholesterol content significantly.'“!* This 
is in part because they take up native LDL by way of the Goldstein- 
Brown LDL receptor, a receptor that is downregulated as soon as 
the cholesterol content of the cell begins to increase." This is the 
normal response that prevents excessive accumulation of choles- 
terol that can be damaging to cells. How then do we account for the 
continuing build-up of cholesterol to extremely high levels in 
macrophages and SMCs in the wall of the artery? These cells can 
stuff themselves with cholesterol to the point where as much as 
half of the total dry weight of the cell is represented by lipid. 

An even greater paradox is encountered when we consider the 
lesions in patients with familial hypercholesterolemia. These pa- 
tients, who totally lack LDL receptors, nevertheless show foam cell 
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accumulation in their lesions much like patients who have normal 
LDL receptors and very high plasma levels of LDL. Evidently, up- 
take by way of the LDL receptor, a major route of lipoprotein up- 
take in most cells of the body, is not the mechanism by which the 
LDL cholesterol is delivered to these cells (or at least it need not 
be). These two paradoxes almost forced the conclusion that LDL 
must be modified in some way prior to its uptake by macrophages. 
Suffice it to say at this point that oxidation of LDL modifies it into 
a form not recognized by the native LDL receptor, but recognized 
by alternative receptors on the macrophage. These presumably are 
receptors that do not downregulate. In this modified form, LDL can 
be taken up rapidly enough that there is a progressive build-up of 
cholesterol esters in the cell. 


Fibrous Plaque Formation 


The earliest fatty streak lesion consists primarily of monocyte/ 
macrophage-derived foam cells plus some smooth muscle cell- 
derived foam cells. From the beginning, however, one can find a 
few T lymphocytes as well. These do not contribute to the foam 
cell population, but they may play a central role in the transition of 
the fatty streak to a fibrous plaque. This process shares many of the 
features seen in chronic inflammatory processes elsewhere in the 
body. Every one of the major cell types involved—endothelial 
cells, macrophages, T lymphocytes, and SMCs—is capable of gen- 
erating and releasing chemotactic factors, mitogenic factors, and 
cytokines of many kinds. Some are proinflammatory and others 
anti-inflammatory. The array of factors that may be involved has 
been reviewed extensively elsewhere.'”'® It is sufficient to note 
here that the end result is a recruitment of SMCs from the media up 
through a fragmented internal elastic membrane; the replication of 
these cells; the secretion of proteoglycans, collagen, elastin, and 
other connective tissue matrix elements; and the formation of a fi- 
brous cap over the top of the lesion. 

Exactly what triggers the transition from fatty streak to fibrous 
plaque is not certain. There are some populations in which fatty 
streaks are rather prevalent, but they rarely go on to become fibrous 
plaques or clinically significant lesions of any kind. Thus the pro- 
gression is not inevitable, and it would be of great significance if 
the triggers were identified. One suggestion is that the endothelial 
cell lining overlying a fully developed fatty streak loses its in- 
tegrity, exposing the underlying lesion to the bloodstream. This 
would allow platelet aggregation to occur, with the consequent re- 
lease of many cytokines, including PDGF, that might then acceler- 
ate the progression of the fatty streak to the fibrous plaque. In a 
sense, this would represent a repair process. 

The fibrous cap is not itself a nidus for thrombosis. The fibrous 
plaque can progress and eventually cause clinically significant 
stenosis. However, the lesion that is a serious threat is one in which 
the fibrous cap becomes eroded, culminating in plaque rupture and 
a terminal thrombosis. 


Conversion of the Fibrous Plaque to the 
Complex Lesion: Plaque Rupture 


Over many years the fibrous plaque can build up as a result of SMC 
replication and deposition of matrix material. There is probably al- 
ways some continuing lipid accumulation at the growing edges of 
the lesions that continues to include many macrophages and T lym- 
phocytes. In other words, the lesions extend at their periphery, and 
at their periphery they retain many of the properties of the original 
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fatty streak. Eventually, the lesion matures such that there is a fi- 
brous cap and beneath it a pool of lipid. Presumably, the lipid-lader 
foam cells eventually become necrotic, and it seems likely that the 
pool in the necrotic core of lesions represents lipid that once was 
contained within the foam cells. Stenosis as a result of the progres- 
sive growth of the lesion can ultimately restrict blood flow to the 
point that patients will experience angina. They may even have in- 
farction because of disproportion between demand and flow. More 
commonly, the infarction results from thrombosis that occurs when 
a plaque ruptures. The pioneering work of Constantinides!” and the 
more recent work of Davies”? make this very clear. What triggers 
the rupture is not certain, but it could relate to activity of the 
macrophages at the shoulders of the lesion with release of lytic en- 
zymes, tissue-damaging free radicals, or oxidized lipids. These 
could erode the thinning fibrous cap, and in concert with hemody- 
namic forces, bring about the rupture. That in turn exposes the 
blood to tissue factor and other prothrombogenic factors in the 
lipid pool, and triggers the potentially fatal thrombosis. 


THE OXIDATIVE MODIFICATION HYPOTHESIS 


We referred in the section on lesion initiation to the double paradox 
relating to foam cell formation. Goldstein and coworkers'* recog- 
nized the paradox and attempted to modify LDL into a form that 
monocytes and macrophages would take up rapidly enough to be- 
come foam cells. They demonstrated that chemical acetylation of 
LDL (treatment with acetic anhydride) converted it into a form that 
was taken up much more rapidly than native LDL. Moreover, it 
was taken up by a specific, saturable mechanism. They named the 
receptor the “acetyl LDL receptor.” The key point is that this recep- 
tor, unlike the native LDL receptor, does not downregulate as the 
cholesterol content of the cell increases progressively. The acetyl 
LDL receptor was subsequently cloned and characterized by Ko- 
dama and colleagues. They named it the “scavenger receptor.””! It 
now appears that there are several families of scavenger recep- 
tors,” and the acetyl LDL receptor is now referred to as a class A 
scavenger receptor. 

The work of Goldstein and Brown on macrophage metabolism 
of lipoproteins was seminal,’**? but there was no evidence then 
(and there is still none) that acetylation of LDL takes place in the 
body. Henriksen and associates in 1981 were the first to describe a 
biologically plausible modification of LDL that might account for 
foam cell formation.” They showed that incubation of LDL with 
cultured endothelial cells led to a modification, later shown to be an 
oxidative modification,”*”° that made it a ligand for specific recep- 
tors on the macrophage. A part of the uptake, which was saturable, 
was attributed to the acety] LDL receptor, but as much as 40% or 
more could not be via that receptor, but by a different receptor or 
receptors. 

Soon after the discovery that oxidative modification converted 
LDL to a ligand for specific macrophage receptors, additional bio- 
logic properties of oxidized LDL were discovered that could fur- 
ther enhance its atherogenicity. For example, oxidized LDL was 
shown to be chemotactic for monocytes” and later for T lympho- 
cytes.” It was shown that oxidized LDL inhibited the motility of 
tissue macrophages and thus might cause a trapping of these cells 
once they entered the subendothelial space.” Work by Morel and 
coworkers??? showed that oxidized LDL was cytotoxic, which 
certainly could contribute to its atherogenicity, particularly in the 
transition from the fatty streak to the fibrous plaque. Studies by 
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Cushing and associates!” and by Rajavashisth and coworkers"? 
showed that even very mildly oxidized LDL (minimally modified 
LDL; MM-LDL) has biologic properties that are proatherogenic 
even before the lipoprotein loses its affinity for the LDL receptor 
and long before it becomes a ligand for scavenger receptors. They 
showed that minimally oxidized LDL could stimulate the release of 
MCP-1 and MCSF from endothelial cells, even though the oxi- 
dized LDL used was not a ligand for the scavenger receptor. The 
list of biologic properties that could in principle make oxidized 
LDL a more atherogenic lipoprotein than native LDL has grown by 
leaps and bounds, and at last count there were more than 15 such 
properties. How many of these properties, demonstrated in cell cul- 
ture systems, are quantitatively important in the atherogenic 
process in vivo remains to be ascertained. It is sufficient to say here 
that the conversion of LDL to its oxidized form affects both lipids 
and protein, and that the oxidized form is significantly more 
atherogenic than the native form. Consequently, any intervention 
that inhibits the oxidation of LDL should theoretically be able to 
slow the progression of atherosclerosis. Conversely, any metabolic 
error that increases the rate of oxidation of LDL or enhances its 
proatherogenic properties could speed the progression of athero- 
sclerosis. The next section will identify metabolic abnormalities 
associated with diabetes that might do this. Before that, an outline 
of the evidence supporting the oxidative modification hypothesis 
and some of the uncertainties with regard to its relevance in hu- 
mans are discussed. 

The current status of the oxidative modification hypothesis is 
summarized in Table !1-1. The theoretical basis for the hypothesis 
is well supported by an extensive body of work at the experimental 
level as reviewed in references 30-33. Considerable evidence that 
oxidative modification does indeed occur in vivo has accumulated 
over the years and includes the following: (1) demonstration of the 
presence of oxidatively modified LDL in atherosclerotic lesions 
(but not in normal arteries) and, to a limited extent, in circulating 
plasma; (2) demonstration by immunohistochemical methods that 
epitopes of oxidized LDL are represented in lesions but again, not 
in normal arteries; (3) demonstration of autoantibodies in plasma, 
signaling the presence in vivo of either oxidized LDL itself or a 
closely related antigen; and (4) demonstration that antioxidants can 
significantly inhibit the rate of progression of early atherosclerosis 
in experimental animal models. This last line of evidence is obvi- 
ously the most critical. The first studies were done by Carew and 
colleagues™ and by Kita and coworkers” using LDL receptor- 
deficient rabbits. Both groups showed that probucol, previously 
shown by Parthasarathy and associates” to be a potent antioxi- 
dant, inhibited lesion development by 50-80% in young rabbits 


TABLE 11-1. Current Status of the Oxidative Modification 
Hypothesis 


* It rests on a well-defined, mechanistically plausible theoretical footing. 

* It is consistent with many phenomena demonstrated in cell culture and in 
experimental animals. 

e It is supported by epidemiologic data, both observational and prospective. 

e It is strongly supported by positive intervention studies of atherosclerosis 
in animal models. 

e It is supported by the results of the CHAOS tia 
clinical intervention trials with vitamin E so far reported. 

* Only additional appropriately-designed, large double-blind clinical inter- 
vention trials will establish the validity of the antioxidant hypothesis 
in humans. Trials should emphasize stopping the disease in its early 
stages. 


1*’ but not by the three 
46.48.49 


lacking the LDL receptor. Because probucol does have a choles- 
terol-lowering effect, even in receptor-deficient animals, Carew 
and coworkers gave a low dose of a 3-hydroxy-3-methylglutaryl 
coenzyme A (HMG CoA) reductase inhibitor to their control rab- 
bits to keep the cholesterol levels of the two groups matched. Thus 
it could be concluded that the protective effect of the probucol was 
not due to cholesterol lowering but to some other property, presum- 
ably its antioxidant property. Since these early studies, many addi- 
tional intervention trials in experimental animals have been re- 
ported. These include additional studies in receptor-deficient 
rabbits, studies in cholesterol-fed rabbits, and studies in choles- 
terol-fed nonhuman primates (reviewed in reference 37). Recently, 
antioxidants have also been shown to be effective in mouse models 
of atherosclerosis.**~? All in all, 29 studies have been done, of 
which 21 are strongly positive. Moreover, different antioxidant 
compounds have been used by different investigators. These in- 
cluded probucol, butylated hydroxytoluene, N,N’-diphenyl- 
phenylenediamine, and vitamin E. The fact that antioxidants, some 
of them differing quite markedly in their chemical structures and 
properties, all share the ability to inhibit atherosclerosis strongly 
supports the interpretation that it is their common antioxidant ac- 
tivity that is operative. However, there is always the possibility that 
they have additional properties that contribute to or may even ac- 
count for most of their antiatherogenic potential. 

Epidemiologic evidence of several kinds is consistent with the 
antioxidant hypothesis. Population studies have shown that a high 
dietary intake or a high plasma concentration of antioxidants (vita- 
min E, vitamin C, B-carotene, or selenium) is associated with a 
lower risk of CHD.” Prospective within-population studies have 
also yielded statistically significant associations**°; however, the 
possibility of confounding factors can never be completely dis- 
missed. Moreover, epidemiologic correlations, no matter how 
strong, cannot establish a causal relationship. Therefore, large, 
double-blind, randomized clinical intervention trials are needed to 
settle the question of whether or not antioxidants can provide sig- 
nificant protection against CHD. 

Although a number of clinical intervention trials are under- 
way, only a few have been fully reported as of this writing. A 
Finnish study of a-tocopherol and B-carotene was designed to test 
the possible effects of these vitamins against cancer.“© Adminis- 
tration of 50 mg of vitamin E daily, or 20 mg of B-carotene daily, 
or both, failed to decrease cancer incidence (and may even have 
increased it). Cardiovascular endpoints, although not a part of the 
original hypothesis, were also recorded. There was no decrease in 
CHD deaths and there was a small but significant increase in hem- 
orrhagic stroke among the men taking vitamin E. The dose of vi- 
tamin E used in this study was probably too small. The results of 
prospective studies show that only individuals taking vitamin E 
supplements and having a mean vitamin E intake over 100 mg/d 
were protected significantly against CHD.“**> Moreover, the 
Finnish study was done in middle-aged men who were heavy 
smokers and whose lesions must have been far advanced at the 
time the study was started. Three additional large, double-blind, 
placebo-controlled vitamin E intervention trials have now been re- 
ported. One was strongly positive and two were negative. The 
Cambridge Heart Antioxidant Study (CHAOS) was a study of 
2002 patients with angiographically proved coronary artery dis- 
ease randomized either to vitamin E (400-800 IU daily) or to 
placebo.*’ Median follow-up was 1.4 years. The primary endpoint 
was the combination of cardiovascular death plus nonfatal myo- 
cardial infarction. This was reduced by almost 47% (p = 0.005). 
However, there was no decrease in all-cause mortality.*’ The 
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HOPE trial randomized over 9000 patients in a 2 X 2 factorial de- 
sign to evaluate the effects of an angiotensin-converting enzyme 
inhibitor and vitamin E (400 IU/d). In a 5-year follow-up there 
was no difference in cardiovascular events between the controls 
and those on vitamin E.*® The GISSI tial randomized almost 
3000 patients to placebo or vitamin E (300 mg/d). Over a 3.5-year 
follow-up there was no difference in major cardiovascular end- 
points due to vitamin E." 

The effectiveness of B-carotene has been tested in three large- 
scale studies and none has shown any effect on cardiovascular 
events.“°>""' However, whereas the doses of vitamin E used in the 
intervention trials discussed above are adequate to protect circulat- 
ing LDL against ex vivo oxidation, B-carotene does not do that 
even at the large doses used in these studies.°?** B-carotene does 
not seem to function as an antioxidant in this context. Conse- 
quently, these trials do not constitute tests of the oxidative modifi- 
cation hypothesis. 

It should be emphasized that the experimental animal data re- 
late almost exclusively to fatty streaks. In these animal models, le- 
sions seldom go on to more advanced stages during the relatively 
short course of the study. Thus the experimental evidence is only 
that antioxidants may inhibit fatty streak formation. There is no ex- 
perimental evidence that antioxidants will have an effect on fibrous 
plaques or complicated lesions. Eventually, of course, inhibition of 
fatty streak formation should be reflected by a reduction in the 
number of fibrous plaques and complicated lesions. However, to 
see effects on these later lesions may require a longer period of 
study than the generally accepted 5 years. 

It is too early to draw conclusions regarding the effectiveness 
of antioxidants against human atherosclerosis. However, the 
strength of the experimental basis for the antioxidant hypothesis 
justifies continued exploration of its relevance to human disease, 
and a number of studies are currently in progress. 


ATHEROSCLEROSIS IN DIABETIC SUBJECTS 


Many studies have been carried out to determine whether the ather- 
osclerosis in diabetic subjects might be qualitatively distinct, 
which could shed some light on the reason for the excess morbidity 
from atherosclerosis in persons with diabetes mellitus. None of 
these studies demonstrates qualitative differences—just more le- 
sions that occur earlier." The histologic appearance of the lesions, 
their gross appearance, their chemical composition, their sites of 
predilection, and the clinical expression of the disease are almost 
exactly the same in diabetic patients and in nondiabetics. One pos- 
sible exception that calls for special comment is the apparently 
greater frequency of peripheral vascular disease in diabetic sub- 
jects; however, this may be more apparent than real. It is possible 
that the combination of macrovascular and microvascular disease 
(or the combination of macrovascular disease and peripheral neu- 
ropathy) accounts for the more serious clinical presentation of im- 
paired peripheral circulation in the diabetic. It is of interest that pe- 
ripheral vascular disease in the diabetic is more closely correlated 
with the duration of the disease, degree of hyperglycemia, and 
presence of microvascular disease than is atherosclerosis affecting 
the coronary or cerebral vessels.” ® Janka and associates’ found 
that disease below the knee was related to these factors, but that 
disease above the knee correlated better with hypercholes- 
terolemia, hypertension, and cigarette smoking, the classical risk 
factors for large-vessel disease. These findings tend to support the 
conclusion that peripheral vascular disease is more of a clinical 
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problem in diabetics because of interactions between microvascu- 
lar disease (or neuropathy) and macrovascular disease. 

In diabetic subjects, just as in nondiabetic subjects, the risk of 
clinically evident atherosclerosis increases among cigarette smok- 
ers, the obese, hypertensives. those with low HDL values, and 
those with high LDL values. This concordance with regard to risk 
factors does not rule out the presence of differences of some kind 
but is compatible with the premise that the disease is qualitatively 
no different in diabetic patients. 

This conclusion is consonant with the fact that in populations 
where the general incidence of CHD is low, the incidence in the di- 
abetic population there is also low. For example, in Japan, where 
the prevalence of CHD in the general population is low, it is also 
low in the diabetic population and one-sixth the prevalence among 
Americans with diabetes.’ Whatever environmental or genetic fac- 
tors account for the overall lower prevalence of CHD appear to af- 
fect its prevalence within the diabetic population in like fashion. A 
key corollary to this is that interventions that decrease CHD mor- 
bidity and mortality in the general population will probably do so 
also, and to a comparable degree, within the diabetic population. 
Unfortunately, some physicians tend to regard the development of 
macrovascular complications as an inevitable accompaniment to 
diabetes mellitus, not amenable to prevention by intervention. This 
is not the case. Because the disease process is not qualitatively dif- 
ferent, it can be anticipated that the beneficial results already 
demonstrated in the general population as a result of cholesterol 
lowering, cessation of smoking, and treatment of hypertension can 
be expected to be equally impressive within the diabetic popula- 
tion. Once we can identity the reasons the disease progresses more 
rapidly in diabetic patients, we can hope to intervene more specifi- 
cally and get even better results. 

Some CHD risk factors are found clustered with a high fre- 
quency in type 2 diabetes. The constellation of glucose intolerance 
associated with insulin resistance, hypertension, hypertriglyc- 
eridemia with low HDL, and central obesity is variously designated 
as Syndrome X,” the deadly quartet,” the insulin resistance syn- 
drome.°! or the plurimetabolic syndrome. How these elements are 
related in pathogenetic terms is not clear. Most of these features are 
associated with obesity,°”** even in the absence of frank diabetes. 
However, some type 2 diabetes patients have most of the elements 
of the syndrome without obesity. Until the causal relationships 
are sorted out, one can only treat these abnormalities individually 
as in nondiabetic patients with these risk factors. 

In summary, if there are any differences in the basic nature of 
the atherosclerotic process in diabetes, they must be subtle. The 
bulk of the evidence available suggests that the basic nature of the 
atherosclerotic process in diabetes is the same except that every- 
thing moves at a faster rate. If that premise is valid, our goal is to 
find out what gets speeded up and how and when it happens. The 
risk factors are the same ones identified in nondiabetic persons. All 
of them should be treated intensively, even more intensively than in 
nondiabetic patients. However, the known risk factors simply can- 
not account for all of the increased risk in diabetic patients. 


INTERSECTIONS BETWEEN DIABETES 
AND ATHEROSCLEROSIS 


We should start this section by stating that no one knows with any 
certainty why diabetic patients suffer premature macrovascular dis- 
ease. The reader who is interested in knowing what the possibilities 
are, and which are favored, is invited to read on. 
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Dyslipidemia 


The disturbances in lipoprotein patterns found in diabetes are dis- 
cussed in Chap. 47, so the discussion here will be brief. Diabetic pa- 
tients in good control do not have hypercholesterolemia any more 
frequently than the general population. However, they do have 
some degree of hypertriglyceridemia as well as low HDL levels (still 
lower when poorly controlled). Exactly how atherogenic the 
triglyceride-rich lipoproteins are remains a matter of controversy. 
They certainly have not been exonerated and the hypertriglyc- 
eridemia in diabetes may be highly relevant. A low HDL level is the 
most powerful predictor of coronary artery disease and could play a 
significant role in the premature atherosclerosis of diabetes mellitus. 
Because hypertriglyceridemia and low HDL are closely linked, it 
has been difficult to assign primacy to one or the other until quite re- 
cently. The demonstration that transgenic mice with overexpression 
of apoA-1 are resistant to atherosclerosis strongly supports a direct 
effect of low HDL on susceptibility to atherosclerosis. Whether it 
is the whole story or not is not known. Triglyceride-rich lipoproteins 
may be directly atherogenic as well. Thus, dyslipidemia may be a 
contributing factor to the premature atherosclerosis in some diabetic 
persons. On the other hand, there are many diabetic patients who do 
not have dyslipidemia but in whom premature atherosclerotic dis- 
ease is present. Possible contributing factors in these cases are 
discussed in the following sections. 


Lipoprotein Oxidation 


Pioneering studies by Sato and associates®’ and by Nishigaki and 
coworkers showed some years ago that the plasma lipoproteins of 
patients with diabetes showed higher concentrations of oxidation 
products. Studies in diabetic animal models, mostly streptozotocin- 
treated animals, show that there is an increase in oxidized lipids in 
the plasma lipoproteins and red cell membranes, and that this in- 
crease can be prevented by treating the animal with an appropriate 
antioxidant (see review by Chisolm and coworkers”). Thus, to the 
extent that oxidative modification plays a role in atherogenesis, di- 
abetic subjects might be at a higher risk. 

There is a very direct connection between diabetes and oxida- 
tive damage: oxidation of LDL proceeds more rapidly in the pres- 
ence of high levels of glucose, and the rate of generation of gly- 
cated proteins is accelerated under pro-oxidant conditions.” 
There appears to be a basis for a logarithmic progression: hyper- 
glycemia favoring oxidation of lipids on the one hand, and pro- 
oxidant conditions and oxidized lipids favoring the formation of 
advanced glycation end-products on the other. It is of interest that 
in atherosclerotic lesions one finds both oxidized LDL and ad- 
vanced glycation end-products,” 7f compatible with an interaction 
of the kind just discussed. 


Nonenzymatic Glycation 


Glucose and other aldoses react nonenzymatically with amino 
groups to form glucose-protein linkages. The rate of nonenzymatic 
glycation is proportional to the glucose concentration and it pro- 
ceeds more rapidly in diabetic patients, especially when their con- 
trol is poor. All of the plasma proteins, and probably all of the cell 
surface membrane proteins, are also candidates for glycation. Witz- 
tum and coworkers” demonstrated that LDL underwent glycation 
and that this decreased its affinity for the native LDL receptor, con- 
sequently prolonging its lifetime in the plasma compartment. Sim- 
ply prolonging the lifetime of the LDL would increase the proba- 


bility of its undergoing oxidative modification with the adverse 
consequences already discussed. Glycation of connective tissue 
matrix proteins, particularly when extensive, could increase the 
probability that LDL will be trapped in the vessel wall and there 
undergo more extensive oxidative modification and further glyca- 
tion.”® The early steps in glycation are reversible, but if it contin- 
ues, it gives rise to advanced glycation end-products (AGEs). 
These compounds, heterogeneous in structure and not completely 
defined chemically, form cross-linkages among macromolecules, 
are fluorescent, and importantly, are recognized by receptors on the 
cell surface. A strong case has been made for the possibility that 
the microvascular complications of diabetes mellitus may be due to 
the accumulation of AGEs. More recently, evidence has accumu- 
lated that the macrovascular complications also may be in part at- 
tributable to AGEs. These lines of evidence and the chemistry and 
pathophysiology of AGEs are explored in detail in Chap. 13. Here 
we only point to the intersections between AGEs and our current 
schema for atherogenesis. 

Trapping of LDL in the subendothelial space is a critical step 
in the early stages of atherosclerosis. LDL binds readily to proteo- 
glycans, collagen, elastin, and other matrix proteins, but it binds 
even more strongly when these matrix proteins carry AGEs.”® Ox- 
idative modification of such trapped LDL would make it a ligand 
for uptake by macrophages in the subendothelial space. Also, the 
additional trapping may encourage the formation of LDL aggre- 
gates, also excellent ligands for macrophage phagocytosis.” 

Another category of interaction, as reviewed by Vlassara,* 
may result from the effects of AGEs on vascular wall cells via spe- 
cific receptors that recognize them. For example, AGE receptors on 
the endothelial cell can activate NF-«B, a transcription factor that 
is also stimulated by oxidized LDL. AGEs in soluble form are 
chemotactic for monocytes and activate them. They increase the 
production of PDGF, IGF-1, IL-1, and TNF, all of which have been 
implicated as contributing to the chronic inflammatory process in 
an atherosclerotic lesion. As discussed, glycation and lipid oxida- 
tion may be reciprocally interactive and synergistic. There is evi- 
dence that glycated proteins are more susceptible to oxidative mod- 
ification and, vice versa, that lipoproteins that have been oxidized 
are more susceptible to glycation. It is interesting that the complex 
cross-linking that characterizes AGEs is in a rough way analogous 
to the cross-linking that characterizes oxidatively modified lipopro- 
teins or oxidatively damaged membranes. 

If the mechanisms discussed above were important in the ac- 
celerated atherosclerosis of diabetes, it could be anticipated that 
there would be a good correlation between the level of glycemia 
and the CHD risk (or other measures of greater progression of ath- 
erosclerosis). Some epidemiologic studies show that hyper- 
glycemia is a risk factor for CHD, but the link is not certain. Stud- 
ies in which glycemia has been carefully controlled, as in the 
UGDP study, with administration of variable doses of oral agents 
and insulin in type 2 diabetes," or the Diabetes Control and Com- 
plications Trial (DCCT) in type 1 diabetes,** have not shown a de- 
crease in CHD mortality, but neither study was designed to test the 
hypothesis. Both were focused on other complications. There is a 
need for a large, double-blind test of whether or not close glycemia 
control reduces the CHD risk in diabetes. 


0 


Monocyte/Macrophage Function 


Monocytes play a key role in the early stages of fatty streak forma- 
tion and are the major source of foam cells. It is recognized that di- 
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abetic patients have difficulty fighting infections, suggesting the 
possibility of defects in leukocyte function. Abnormalities in neu- 
trophil function have been described, but the situation with respect 
to monocyte function is less clear. Recently it has been shown that 
exposure of cultured endothelial cells to high levels of glucose in- 
creases monocyte binding™ and that endothelial cells in diabetic 
rabbits overexpress VCAM-1 in vivo.** Also, monocytes from pa- 
tients with diabetes show an increased adhesion to normal endothe- 
lial cells in culture, and this is attributed to overexpression of B, in- 
tegrins.® Monocytes prepared from patients with recent onset of 
type 1 diabetes showed less expression of certain adhesion mole- 
cules (LFA-la, ICAM-I, and HLA-DR). Stewart and coworkers” 
observed a small but statistically significant decrease in expression 
of surface receptors on monocytes from type | diabetics with ke- 
toacidosis. 

Another mechanism that could link diabetes to atherosclerosis 
is the chemotactic activity of AGEs.*’ These products of protein 
glycation exert a chemotactic effect for human blood monocytes 
and selectively induce monocyte migration across an intact en- 
dothelial cell monolayer. When these transmigrating monocytes in- 
teract with the AGEs in the matrix, they increase their production 
of PDGF. Thus the progressive accumulation of glycation products 
in the subendothelial space could contribute to the progression of 
the lesion. 

Hiramatsu and Aramori®® reported that monocytes from dia- 
betic patients, especially hypertriglyceridemic diabetic patients, 
show an increase in the rate of superoxide production. It would be 
of great interest to extend studies of this kind to determine the en- 
zyme systems responsible for the observed increase in rate of LDL 
oxidation. The combination of an increase in the ability of cells to 
oxidize LDL and the greater ease with which LDL is oxidized in 
the presence of high glucose concentrations could represent a sig- 
nificant driving force for LDL modification in diabetic persons, 
contributing to their advanced atherosclerosis. 

Diabetes may have implications for the later stages of athero- 
genesis, including the terminal fatal thrombosis. A number of 
platelet abnormalities have been described, but whether they are 
causative or reflect underlying vascular disease remains uncertain. 
The fatal thrombosis is often triggered by erosion of the fibrous cap, 
exposing blood to tissue factor and other thrombogenic factors in the 
lipid core of the lesion. This rupture generally occurs at the 
shoulder of the lesion where there are higher densities of 
macrophages. On a purely speculative level, if the monocyte/ 
macrophages in diabetic patients were less robust and more inclined 
to lyse and spill their contents or to release lytic enzymes at a higher 
rate than macrophages in normal patients, this could explain the 
higher frequency of clinical events in diabetics. Because there is ev- 
idence to suggest that the conversion from a fatty streak to a fibrous 
plaque is linked to loss of endothelial cells, here might be another 
way in which the lesions in diabetics advance more rapidly than 
those in nondiabetic subjects. 


immune Mechanisms 


There is mounting evidence that the immune system influences the 
rate of progression of atherosclerosis. First, autoantibodies against 
glycated LDL” have been demonstrated in both normal subjects 
and, at higher titers, in diabetic subjects. Autoantibodies against 
oxidized LDL are also present in the plasma of both diabetic and 
nondiabetic patients.” Immune complexes of oxidized LDL have 
been demonstrated in atherosclerotic lesions in receptor-deficient 
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rabbits.”’ Such immune complexes can be recognized by the F, re- 
ceptor and provide an additional pathway for rapid uptake and 
foam cell formation.” Immune complexes are potentially cytotoxic 
and could in this way favor the progression of lesions. Salonen and 
coworkers”? reported that in a small series of cases the rate of pro- 
gression of carotid artery intima/media thickness was closely cor- 
related with the titer of autoantibody against oxidized LDL. Asso- 
ciations of this kind, however, do not necessarily establish a causal 
relationship and further studies are needed. Palinski and cowork- 
ers’ recently found that deliberately increasing the titer of anti- 
body against oxidized LDL in receptor-deficient rabbits by immu- 
nizing them with exogenously oxidized LDL slowed rather than 
speeded the progression of early lesions. They suggest that the very 
high titers reached may have been beneficial by “scavenging” oxi- 
dized LDL from the system at early stages and preventing some of 
the deleterious effects that might otherwise occur. Jonasson and 
coworkers” have shown that T lymphocytes are almost universally 
present in atherosclerotic lesions. Further studies showed that these 
include a small percentage of clones that are activated specifically 
by oxidized LDL.” The precise role of T cells in atherogenesis re- 
mains uncertain. Hansson and coworkers” have shown that a sharp 
drop in circulating T cells, induced by the injection of a mono- 
clonal antibody against them, actually results in larger proliferative 
lesions in balloon-catheterized rat aortas. Clearly, additional re- 
search needs to be done to resolve this complex problem. Neverthe- 
less, the evidence provided thus far suggests that diabetic patients, 
because they do have higher titers of antibodies against glycated 
LDL and other glycated proteins, may be more susceptible. 


Abnormalities in Connective Tissue Matrix 


We have discussed the possibility that AGEs may contribute. El 
Khoury and coworkers” showed that macrophages do not show 
calcium-independent binding to native collagen IV but do bind to 
glycated collagen IV. Interestingly, this binding occurred via the 
acetyl] LDL receptor. Previous studies by Fraser and coworkers” 
showed that this receptor is also the means that macrophages use to 
attach to plastic dishes in a calcium-independent fashion. 

It is possible that the biosynthesis and secretion of proteogly- 
cans, collagen, elastin, or other connective tissue matrix elements 
may be abnormal in diabetes independently of the nonenzymatic 
glycation that leads to AGEs. Because trapping of LDL in the ar- 
tery wall is believed to play an important role in atherogenesis, ab- 
normalities in connective tissue matrix biosynthesis and deposition 
that enhance such trapping could be proatherogenic. 


Relationship between Microvascular and 


Macrovascular Disease 


There has been a tendency to regard microvascular and macrovas- 
cular disease as independent and unrelated. However, this is by no 
means established. We have discussed some of the metabolic links 
that are emerging as more is learned about the pathogenesis of ath- 
erosclerosis. For example, there is now evidence that AGEs may be 
involved in both the microvascular and macrovascular complica- 
tions. There is evidence that hyperglycemia may favor the oxida- 
tion of LDL and thus could play a role in both macrovascular and 
microvascular disease. However, intervention trials have yielded 
negative, or at best borderline, evidence for a decrease in CHD risk 
with tight control of hyperglycemia. 100.101 A definitive answer must 
await further large-scale studies to determine whether control of 
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hyperglycemia can decrease the progression of atherosclerosis in 
diabetic subjects (independent of control of hyperlipidemia or 
other risk factors). 

A unifying hypothesis is always preferable when possible. A 
possibility that has received little attention is that the vasa vasorum 
are also subject to microvascular disease, and that this is what en- 
hances the rate of progression of macrovascular disease in the dia- 
betic patient. The oxygen supply and nutrition of the arterial wall in 
large vessels arise in part from the vasa vasorum. It is well estab- 
lished that even the most mild noxious stimulus on the adventitial 
side of the artery produces cellular changes in the intima. Certainly 
the possibility that disease of the vasa vasorum plays a role in ath- 
erosclerosis has not been ruled out. However, there are no defini- 
tive experiments that assess the relative importance of the vasa va- 
sorum in atherosclerosis either in nondiabetic or diabetic persons. 
Further research in this area would certainly be warranted. 


SUMMARY 


Myocardial infarction and other macrovascular diseases are re- 
sponsible for more deaths in diabetic patients than all of the other 
causes of death combined. The lesions in diabetic subjects are 
qualitatively indistinguishable from those in nondiabetic patients, 
but the rate of progression of the disease is greater and the inci- 
dence of fatal outcome higher. The new guidelines on management 
of hyperlipidemia issued by the National Cholesterol Education 
Program recommend that diabetic patients should be treated just as 
aggressively as patients with established coronary heart disease 
(LDL goal <100 mg/dL). The past decade has seen some re- 
markable progress in our understanding of vascular pathobiology, 
such that we can now delineate in some detail the critically impor- 
tant events in atherogenesis. As a result, we can now postulate ex- 
plicit ways in which diabetes may lead to an acceleration of the 
atherogenic process. Among the more attractive of these is the in- 
terrelationship between glycation and oxidation. Hyperglycemia 
can promote both the oxidative modification of LDL and the rate of 
formation of glycated proteins. We still are not in a position to say 
whether precise control of blood glucose levels will reduce the risk 
of atherosclerosis and its complications in the diabetic. However, 
the circumstantial evidence supporting this possibility strengthens 
the case for rigorous control of hyperglycemia. Most important, 
management of ull of the conventional risk factors for atheroscle- 
rosis in diabetic patients should rank as high as control of hyper- 
glycemia. 
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CHAPTER 12 


Endothelial Dysfunction and Vascular 


Thrombosis in Diabetes 


Douglas E. Vaughan 


Patients with diabetes mellitus are at increased risk for a variety of 
cardiovascular disorders, including myocardial infarction and 
stroke.’ The risk for cardiovascular disease is increased up to four- 
fold among diabetic patients compared with nondiabetic persons. 
Diabetes is a particularly strong determinant of cardiovascular risk 
in women. The impact of vascular disease on patients with diabetes 
mellitus is staggering and accounts for nearly 80 percent of deaths 
and greater than 70 percent of hospitalizations for patients with this 
common metabolic disorder. The reasons for this increased risk of 
atherothrombotic events are widely discussed but only incom- 
pletely understood. There is a strong association between the meta- 
bolic abnormalities seen in diabetes mellitus and the development 
of premature atherosclerosis that is reviewed elsewhere in this text. 
Certainly many of the macrovascular complications of diabetes ap- 
pear in conjunction with and may reflect the presence of advanced 
atherosclerosis. In parallel with the development of atherosclerosis, 
other independent factors coconspire to increase the risk of is- 
chemic cardiovascular events in patients with diabetes. This chap- 
ter focuses on the role of endothelial dysfunction and the increased 
thrombotic tendency found in diabetes. 


ENDOTHELIAL DYSFUNCTION IN DIABETES 


The vascular endothelium participates in a number of physiologic 
processes that contribute to vascular health.” One of the most im- 
portant functions involves the production of short-lived vasodila- 
tors in response to physiologic stimuli. These vasodilators include 
nitric oxide, prostacyclin, and endothelial-dependent hyperpolariz- 
ing factor (EDHF). The production of nitric oxide (NO) by the vas- 
cular endothelium has been the subject of intense investigation for 
the last two decades. In addition to the important role NO plays 
in the regulation of vascular tone, NO helps maintain the integrity 
of the blood vessel wall and blood fluidity by preventing monocyte 
adhesion and platelet aggregation. NO also retards the growth of 
vascular lesions by inhibiting cellular proliferation.’ Taken to- 
gether, these pleiotropic effects of NO suggest that endothelial NO 
production may play a pivotal role in the prevention of vascular 
disease. Although endothelial dysfunction is widely discussed in 
the context of impaired endothelium-dependent relaxation, impair- 
ment of endothelial function also likely impacts on other important 
physiologic endothelial functions that protect the vasculature from 
inflammatory processes and thrombosis. Endothelium-dependent 


vasodilation and, specifically, the production of NO, is impaired in 
diabetes. This has been shown in experimental models of chemi- 
cally induced diabetes*”’ as well as in genetic models of type 1 di- 
abetes.*° In experimental models, the totality of evidence indicates 
that the normal vascular relaxation response to nitrates is preserved 
while agonist-stimulated endothelium-dependent vasodilator func- 
tion is impaired. The impairment in the endothelial vasodilation 
can be seen in both conduit and resistance arteries and cannot be 
explained by physiologic changes in smooth muscle cell respon- 
siveness to NO or by changes in guanylate cyclase reactivity.'° 

There is also substantial clinical evidence that NO-mediated 
vasodilation is impaired in patients with type 1 diabetes!!!" and 
type 2 diabetes mellitus.'? Abnormalities in vascular reactivity and 
biochemical markers of endothelial cell activation are present early 
in individuals at risk of developing type 2 diabetes, even at a stage 
when normal glucose tolerance exists.'* Endothelium-dependent 
vasodilation has also been reported to be impaired in first-degree 
relatives of patients with type 2 diabetes.'* The question arises as to 
the mechanisms through which diabetes impairs endothelial va- 
sodilator function and specifically alters NO production or 
bioavailability. It has been shown that hyperglycemia per se 
acutely attenuates endothelium-dependent vasodilation in healthy 
subjects.'® There are several factors that probably contribute to im- 
paired vasodilation in diabetes over the long term. Diabetes and the 
metabolic abnormalities that accompany this disorder may reduce 
endothelial NO production in response to physiologic stimuli. This 
may be explained by direct effects of advanced glycosylation end 
products on endothelial NO production” or by a relative deficiency 
of the NO synthase cofactor tetrahydrobiopterin in diabetes. '* Ox- 
idative degradation of endothelium-derived NO contributes to ab- 
normal endothelium-dependent vasodilation in animal models of 
diabetes mellitus. "° 

The vascular impairment in NO production seen in diabetes 
also likely has other important ramifications that impact upon the 
development of cardiovascular disease. Impairment of NO produc- 
tion enhances the progression in atherosclerosis in animal mod- 
els.?™?! Indeed, NO plays an important role in preventing mono- 
cyte adhesion to the blood vessel wall, which is one of the initial 
steps in the development of atherosclerotic lesions. NO possesses 
other important vasculoprotective properties, and serves as an en- 
dogenous inhibitor of smooth cell proliferation and platelet activa- 
tion.” Recently it has been shown that NO also plays a role in en- 
hancing the anticoagulant properties of the vascular endothelium 
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by suppressing the production of plasminogen activator inhibitor 
type-I (PAI-1).” 


Clinical Ramifications 


Although this issue has not been selectively examined in diabetes, 
coronary endothelial vasodilator dysfunction predicts long-term 
atherosclerotic disease progression and cardiovascular events.”*° 
At present, there is a paucity of data regarding the reversal of en- 
dothelial dysfunction in diabetes. Endothelial dysfunction in fore- 
arm resistance vessels of patients with type 2 diabetes mellitus can 
be improved by administration of the antioxidant vitamin C.'??¢ 
These findings support the hypothesis that NO inactivation by 
oxygen-derived free radicals contributes to abnormal vascular reac- 
tivity in diabetes. In the future, the assessment of forearm and/or 
coronary endothelial vasoreactivity may gain wider acceptance as 
both a diagnostic and prognostic tool in patients at risk for coro- 
nary heart disease.” At present, these measurements remain exper- 
imental tools. 


DIABETES AND THROMBOSIS 


Patients are defined as having a hypercoagulable state if they have 
laboratory abnormalities or a clinical condition that is associated 
with increased risk of thrombosis.”* Certainly patients with diabetes 
mellitus meet this definition. As noted previously, the vascular en- 
dothelium, which is a primary component of the defense against in- 
travascular thrombosis, is dysfunctional in patients with diabetes. 
The impaired production of NO and prostacyclin seen in diabetes is 
very likely an important factor in the increased activation of platelets 
and clotting factors also seen in diabetes. Specifically, with regard to 
coagulation, there are number of pieces of evidence to indicate that 
coagulation is enhanced in patients with diabetes mellitus. Several 
small studies indicate that subclinical evidence of thrombosis can be 
identified in plasma from diabetic patients by measuring coagula- 
tion activation markers such as prothrombin activation fragment 
1 + 2 and thrombin/antithrombin complexes.” > With regard to 
specific coagulation factors, perhaps the strongest epidemiologic 
evidence indicates that elevated fibrinogen levels are a risk factor for 
ischemic cardiovascular events.** Patients with diabetes generally 
have elevated plasma fibrinogen levels compared to healthy control 
subjects. and this may explain some of the increased risk for cardio- 
vascular disease in diabetes.** The mechanism for this increase has 
not been well studied. Fibrinogen is an acute phase reactant, and the 
increase scen in diabetes may reflect low-level inflammation.” In- 
travascular volume depletion in uncontrolled diabetes may also ac- 
count for some of the observed increase in plasma fibrinogen. No di- 
tect effects of insulin or glucose on fibrinogen production have been 
described. In addition to fibrinogen, plasma levels of many coagula- 
tion factors are modestly increased in diabetes, including factors 
VII, VIII, XI, and XII and von Willebrand's factor.” The signifi- 
cance of these increases is debatable, although in epidemiologic 
studies, increased levels of factor VII do appear to increase the risk 
of coronary events.*’ The increased tendency to thrombosis in dia- 
betes may also reflect a failure in circulating anticoagulant mecha- 
nisms. Although there is no evidence of important reductions in 
plasma levels of antithrombin III or heparin cofactor II, it has been 
reported that the plasma level of activated protein C is reduced in di- 
abetes.** However, results from other studies reported increased or 


unchanged protein C levels in patients with diabetes compared with 
healthy control subjects.” 

Another system that more likely contributes to the increased 
thrombotic risk in diabetes is the impairment in endogenous fibri- 
nolytic function seen in patients with type 2 diabetes. The mam- 
malian fibrinolytic system serves as one of the endogenous defense 
mechanisms against intravascular thrombosis. It functionally com- 
plements the effects of endogenous anticoagulants, such as protein 
C and protein S, and the short-lived endothelium-derived platelet 
inhibitors NO and prostacyclin. The activity of the fibrinolytic sys- 
tem is ultimately dependent on the generation of the protease plas- 
min, which is produced from the inactive precursor plasminogen 
by the action of plasminogen activators. Humans possess two 
distinct plasminogen activators, tissue-type plasminogen activator 
(t-PA) and the urokinase-type plasminogen activator (u-PA). Al- 
though both of these activators are synthesized in endothelium, 
t-PA appears to be primary plasminogen activator in the vascula- 
ture. It has been proposed that the plasminogen activator system is 
a critical defender against intravascular thrombosis in the coronary 
circulation,** and the balance between t-PA and its endogenous in- 
hibitor, plasminogen activator inhibitor 1 (PAI-1) is a major deter- 
minant of net fibrinolytic activity. 


Physiology of PAI-1 


PAI-1 is a globular protein comprised of 379 amino acids in a sin- 
gle chain.“ PAI-1 belongs to the superfamily of serine protease in- 
hibitors (serpins),"* and as such, it is structurally similar to other 
serpins including ovalbumin, angiotensinogen, antithrombin III, 
and a-antiplasmin. 

Active PAI-1 is readily cleaved by, and forms complexes with, 
t-PA. The reaction is quite rapid and proceeds with a second-order 
rate constant of 10’ M~" s_!.** A series of studies involving site- 
specific mutagenesis have revealed that PAI-1 interacts with t-PA 
via a two-step mechanism. Replacement of three positively 
charged amino acids (LYS296, Agog, and Argagg) in t-PA with neg- 
atively charged glutamic residues generates a t-PA mutant that re- 
tains its ability to activate plasminogen and is highly resistant to in- 
hibition by PAI-1.*” The first step in the interaction between t-PA 
and PAI-1 is reversible and appears to involve an electrostatic in- 
teraction between positively charged amino acids in t-PA and neg- 
atively charged residues in PAI-1 that are located on a surface loop 
(residues 350-355). The second step of the interaction of PAI-1 
with t-PA is irreversible and involves the cleavage of the PAI-1 re- 
active site by the active site of t-PA. In addition to its role as the pri- 
mary inhibitor of t-PA in plasma, PAI-1 also promotes thrombosis 
by inhibiting activated protein C. 

PAI-1 circulates in low but measurable concentrations in 
plasma, at less than 4:1 molar excess to that of t-PA.** The source 
of plasma PAI-1 is debatable, as it is synthesized in the vascular en- 
dothelium and smooth muscle cells, in the liver, and in adipose tis- 
sue.” Platelets also store large quantities of PAI-{! that are se- 
creted following platelet aggregation.”' Several different fates are 
possible for PAI-1 after it is secreted. The circulating half-life of 
PAI-1 is approximately 5 minutes,“ and the majority of PAI-1 
likely circulates briefly in plasma and is removed via a hepatic 
clearance mechanism. A fraction of secreted, active PAI-1 reacts 
with plasma t-PA and forms inert, insoluble complexes. There 
appears to be no endogenous mechanism for recycling t-PA- 
PAI-! complexes, which are cleared via receptor-dependent mech- 
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anisms.* Active PAI-1 can also bind to vitronectin, which actually 
stabilizes PAI-1 in the active conformation. Binding to vit- 
ronectin has also been found to broaden the reactive specificity of 
PAI-1. Specifically, vitronectin endows PAI-1 with thrombin in- 
hibitory properties.” 

Endothelial cells also have the capacity to secrete PAI-1 ablu- 
menally.*° In the extracellular matrix of blood vessels, PAI-1 likely 
plays a role in vascular remodeling. The relative abundance of vit- 
ronectin in the subendothelial matrix provides a mechanism for 
preserving PAI-1 activity, and, in fact, the PAI-!-vitronectin com- 
plex may represent the physiologically relevant form of the in- 
hibitor in the extracellular matrix. 

A wide array of cytokines, growth factors, and hormones have 
been found to stimulate endothelial PAI-1 production. Inflammatory 
cytokines such as interleukin-1 (IL-1) and tumor neurosis factor a 
(TNF-a)*”’ are potent regulators of PAI-1 production. With accept- 
ance of the concept that atherosclerosis is predominantly an inflam- 
matory process,” this functional linkage between PAI- 1 and inflam- 
matory cytokines may help explain the increase in PAI-1 reported in 
atherosclerosis. Transforming growth factor B (TGF-B) is recog- 
nized as an important stimulus for the production of PAI-1 in tis- 
sues,” and this interaction has important ramifications for the 
understanding of the pathogenesis of vascular fibrosis and 
nephrosclerosis in diabetes.” Thrombin is also a potent stimulus for 
PAI-1 production in cultured endothelial cells.” Angiotensin II*' 
and its hexapeptide metabolite angiotensin IV induce dose- and 
time-dependent increases in endothelial PAI-1 mRNA expression in 
vitro. Angiotensin II is also a potent stimulus of vascular PAI-1 
production in vivo. 

The increased production of PAI-1 seen in patients with dia- 
betes has been attributed directly to glucose,**® insulin,” and 
triglycerides. In the upstream regulatory region of the PAI-1 gene, 
specific sequences have been localized that respond to VLDL® and 
to glucose.® Indeed, PAI-1 is one of several genes with transcrip- 
tion that is induced by high glucose concentrations. The glucose- 
responsive region of the PAI-1 promoter resides in two Sp1 sites 
located within 90 bases of the transcription start site. Recent stud- 
ies indicate that hyperglycemia induces mitochondrial superoxide 
production, which in tum increases hexosamine synthesis and 
O-glycosylation of Sp1.”° This modification induces a dephospho- 
rylation in Spl, which has been hypothesized to reduce interactions 
with transcriptional repressor proteins, thus yielding increased 
Spl-dependent gene transcription. Insulin and proinsulin peptides 
also induce PAI-1 production, which may contribute to increased 
PAI-1 production in the setting of insulin resistance. 


Clinical Consequences of Increased PAI-1 


Theoretically, an excess of PAI-1 will reduce the efficiency of the 
fibrinolytic system, which may create a permissive environment for 
vascular thrombosis. There is a growing body of evidence that PAI-1 
excess (usually measured as PAI-1 activity) may in fact be a risk 
factor for venous thromboembolic disorders and for ischemic car- 
diovascular disease.’' Elevated levels of PAI-1 appear to be a risk 
factor for recurrent deep vein thrombosis.” PAI-1 excess has been 
identified in youthful survivors of acute myocardial infarction”? 
and levels are higher in MI survivors that go on to develop recur- 
rent MI.”* Low plasma fibrinolytic activity, which may be a reflec- 
tion of increased PAI-1 activity, appears to be a leading determi- 
nant of risk for ischemic heart disease in younger men.”° There is 
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compelling evidence that excess PAI-1 is present in atheroscleroti 
human blood vessels.” Vascular PAI-1 content is increased in diz 
betes and in atherectomy specimens from patients with diabete 
compared to healthy contro! subjects.” This finding is relevant t 
the present discussion in view of the role plasmin plays in “vascu 
lar housekeeping.” Plasmin activates several different matrix met 
alloproteinases that are needed to degrade extracellular matrix pro 
teins, including collagen and other glycoproteins.”* Plasmin itsel 
plays a role in vascular housekeeping by degrading local fibrin de 
posits, collagen, and fibronectin. Plasmin also plays a role in th 
activation of the multifaceted cytokine TGF-B, which is felt to hav: 
antiatherosclerotic effects related to its antimitogenic properties.’ 
Thus, by virtue of these mechanisms and potentially others, an ex 
cess of PAI-1 in vascular tissue reduces local plasmin productio1 
and diminishes vascular housekeeping capacity. Recent work indi: 
cates that PAI-1 deficiency protects against the development of hy: 
pertension and perivascular fibrosis in the setting of long-term NC 
synthase inhibition.” Thus, the enhanced production of vasculai 
PAI-1 in clinical conditions associated with a relative NO defi- 
ciency may accelerate the development of arteriosclerosis anc 
hypertension. 

These local vascular and tissue effects of PAI-1 in retarding 
vascular defense mechanisms against intravascular clotting and 
atherosclerotic plaque growth deserve additional emphasis with re- 
gard to the understanding of the development of atherothrombotic 
disease in type 2 diabetes. Plasma levels of PAI-1 are elevated in 
patients with type 2 diabetes, although the cause of this elevation is 
likely multifactorial in origin. Patients with type 2 diabetes uni- 
formly exhibit insulin resistance that is associated with several car- 
diovascular risk factors, including systolic hypertension, hyper- 
triglyceridemia, increased hip—girth ratio, glucose intolerance, 
hyperinsulinemia, and low HDL levels. Plasma levels of PAI-1 
have been found to correlate strongly with insulin resistance.*! As 
reviewed previously, insulin, proinsulin-like molecules, glucose, 
and VLDL have been shown to stimulate PAI-1 production in vitro. 
Similar associations have been reported between plasma PAI-1 ac- 
tivity and plasma insulin and triglyceride levels in obese pa- 
tients,®*? in patients with coronary artery disease,” and in patients 
with type 2 diabetes.** 

Genetic factors may also impact on the development of throm- 
bosis in diabetes. For example, a common 4/5 guanine-tract (4G- 
5G) polymorphism in the PAI-1 promoter has been described.” 
The 4G allele has been reported to be associated with high plasma 
PAI-1 activity. Furthermore, the prevalence of the 4G allele is sig- 
nificantly higher in patients with myocardial infarction before the 
age of 45 years than in population-based control subjects (allele 
frequencies of 0.63 versus 0.53).°” It appears that both alleles are 
capable of binding a transcriptional activating protein, whereas the 
normal 5G allele also binds a repressor molecule. Thus, individuals 
with the 4G polymorphism lose the ability to bind the repressor and 
exhibit increased plasma levels of PAI-1. Plasma glucose and 
triglyceride levels also appear to correlate strongly with plasma 
PAI-1 levels in 4G/4G homozygotes.” 


Therapeutic Implications 


At the present time, thrombolytic agents are the single class of 
drugs available that are designed to alter fibrinolytic activity di- 
rectly and acutely. It may be desirable, however, to enhance en- 
dogenous fibrinolytic activity for the prevention and treatment of a 
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variety of thrombotic vascular disorders. This is particularly true 
when considering ways to prevent the development of vascular dis- 
ease in patients with diabetes mellitus. 

Because PAI-1 plays such a major role in regulating fibri- 
nolytic activity, it is a very attractive therapeutic target. Drugs that 
reduce plasma insulin levels or that attenuate insulin resistance 
may have secondary benefits in reducing PAI-1 levels. Metformin 
has been reported to reduce plasma PAI-1 activity in normal sub- 
jects and in patients with type 2 diabetes.**”° Insulin-sensitizing 
agents, such as thiazolidinediones, reduced plasma PAI-1 levels 
by nearly 30% in women with impaired glucose tolerance and 
polycystic ovary syndrome?! and in subjects with type 2 dia- 
betes.” Because glucose may directly regulate PAI-1 production, 
especially in individuals with the 4G/4G genotype, improved 
glycemic control is likely to reduce PAI-1 production over the 
long term. Other agents may also reduce tissue expression of 
PAI-1 and may be of benefit in protecting against diabetic compli- 
cations. ACE inhibitor therapy can significantly reduce plasma 
PAI-1 levels after MI,"*°* and in healthy subjects on a low-salt 
diet.” We speculate that this effect may contribute to the benefi- 
cial effect of ACE inhibitor therapy in reducing the risk of MI, 
stroke, and cardiovascular mortality in patients with diabetes.” 
Finally, because NO plays an important role in suppressing vascu- 
lar PAI-1 production, a unified therapeutic approach to improving 
vascular health through the restoration and maintenance of en- 
dothelial NO production is likely to have compound benefits in 
the population afflicted with diabetes. 
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CHAPTER 13 


Biochemical Mechanisms of Microvascular Disease 


Michael Brownlee 
James N. Livingston 


INTRODUCTION 


Diabetes mellitus is by far the most common serious metabolic dis- 
order, with a worldwide prevalence estimated to be between 1% and 
5%. All forms of diabetes, both inherited and acquired, are charac- 
terized by hyperglycemia, a relative or absolute lack of insulin, and 
the development of diabetes-specific microvascular pathology in the 
retina, renal glomerulus, and peripheral nerve. As a consequence of 
this microvascular pathology, diabetes is now the leading cause of 
new blindness in people aged 20-74 years, and the leading cause of 
end-stage renal disease. Diabetics are the fastest growing group of 
renal dialysis and transplant recipients. The life-expectancy for pa- 
tients with diabetic end-stage renal failure is only 3 or 4 years. Over 
60% of diabetics are affected by neuropathy, which includes distal 
symmetrical polyneuropathy, mononeuropathies, and a variety of 
autonomic neuropathies causing erectile dysfunction, urinary in- 
continence, gastroparesis, and nocturnal diarrhea. Life expectancy 
is about 7-10 years shorter than for people without diabetes. 

Epidemiological studies show a strong relationship between 
glycemia and diabetic complications in both type 1 (TIDM) and 
type 2 (T2DM) diabetes mellitus.” There is a continuous, though 
not linear, relationship between level of glycemia and the risk of 
development and progression of complications.** This chapter in- 
tegrates the vast amount of data about specific mechanisms by 
which hyperglycemia may damage diabetic blood vessels into a 
coherent, unified perspective. The discussion begins with the 
shared pathophysiologic features of microvascular complications, 
including the primacy of intracellular hyperglycemia, the develop- 
ment of microvascular complications during posthyperglycemic 
euglycemia (“hyperglycemic memory”) and the influence of ge- 
netic factors in determining susceptibility to microvascular compli- 
cations. After discussing each known major mechanism of hyper- 
glycemia-induced vascular damage, recent data are presented 
showing that these different pathogenic mechanisms all reflect a 
single hyperglycemia-induced process. The chapter concludes with 
a brief consideration of the prospects for mechanism-based phar- 
macologic intervention. 


SHARED PATHOPHYSIOLOGIC FEATURES 
OF MICROVASCULAR COMPLICATIONS 


In the retina, glomerulus, and vasa nervorum, diabetes-specific mi- 
crovascular disease is characterized by similar pathophysiologic 
features. 


Requirement for Intracellular Hyperglycemia 


Clinical and animal model data indicate that chronic hyper- 
glycemia is the central initiating factor for all types of diabetic mi- 
crovascular disease. Duration and magnitude of hyperglycemia are 
both strongly correlated with the extent and rate of progression of 
diabetic microvascular disease. In the Diabetes Control and Com- 
plications Trial (DCCT), for example, T1DM patients whose inten- 
sive insulin therapy resulted in HbA,, levels 2% lower than those 
receiving conventional insulin therapy had a 76% lower incidence 
of retinopathy, a 54% lower incidence of nephropathy, and a 60% 
reduction in neuropathy.” 

Although all diabetic cells are exposed to elevated levels of 
plasma glucose, hyperglycemic damage is limited to those cell 
types, such as endothelial cells, that develop intracellular hyper- 
glycemia. Endothelial cells develop intracellular hyperglycemia 
because, unlike many other cells, they are unable to downregulate 
glucose transport when exposed to extracellular hyperglycemia. As 
illustrated in Fig. 13-1, vascular smooth muscle cells, which are 
not damaged by hyperglycemia, show an inverse relationship be- 
tween extracellular glucose concentration and subsequent rate of 
glucose transport, measured as 2-deoxyglucose uptake. In contrast, 
vascular endothelial cells show no significant change in subsequent 
rate of glucose transport after exposure to elevated glucose concen- 
trations.® That intracellular hyperglycemia is necessary and suffi- 
cient for the development of diabetic pathology is demonstrated by 
the fact that overexpression of the GLUT-1 glucose transporter in 
mesangial cells cultured in a normal glucose milieu mimics the di- 
abetic phenotype, inducing the same increases in collagen type IV. 
collagen type I, and fibronectin gene expression as diabetic hyper- 
glycemia (Fig. 13-2).’ 


Abnormal Endothelial Cell Function 


Early in the course of diabetes, before structural changes are evi- 
dent, hyperglycemia causes abnormalities in blood flow and vascu- 
lar permeability in the retina, glomerulus, and peripheral nerve 
vasa nervorum.*® The increase in blood flow and intracapillary 
pressure is thought to reflect hyperglycemia-induced decreased ni- 
tric oxide production on the efferent side of capillary beds, and 
possibly an increased sensitivity to angiotensin II. As a conse- 
quence of increased intracapillary pressure and endothelial cell 
dysfunction, retinal capillaries exhibit increased leakage of fluores- 
cein and glomerular capillaries have an elevated albumin excretion 
rate. Comparable changes occur in the vasa vasorum of peripheral 
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FIG' RE 13-1. Lack of downregulation of glucose transport in cells af- 
fec:ed by diabetic complications. Top: 2-Deoxyglucose uptake in vascular 
smooth muscle cells pre-exposed to either 1.2, 5.5, or 22 mmol glucose. 
Bottom: 2-Deoxyglucose uptake in vascular smooth muscle cells pre- 
exposed to either 1.2. 5.5, or 22 mmol glucose. (Reproduced with permis- 
sion from Kaiser et al.°) 


nerve. Early in the course of diabetes, increased permeability is re- 
versible, but as time progresses, it becomes irreversible. 


Increased Vessel Wall Protein Accumulation 


The common pathophysiologic feature of diabetic microvascular 
disease is progressive narrowing and eventual occlusion of vascu- 
lar lumina, which results in inadequate perfusion and function of 
the affected tissues. Early hyperglycemia-induced microvascular 
hypertension and increased vascular permeability contribute to 
irreversible microvessel occlusion by three processes. The first 
is an abnormal leakage of periodic acid-Schiff (PAS)-positive, 
carbohydrate-containing plasma proteins, which are deposited in 
the capillary wall and may stimulate perivascular cells such as 
pericytes and mesangial cells to elaborate growth factors and ex- 
tracellular matrix. The second is extravasation of growth factors 
such as transforming growth tactor (TGFB,), which directly stim- 
ulate overproduction of extracellular matrix components.'? The 
third pathologic process is hypertension-induced stimulation of 
pathologic gene expression by endothelial cells and supporting 
cells, which include growth factors, growth factor receptors, ex- 
tracellular matrix components, and adhesion molecules that can 
activate circulating leukocytes.'’ The observation that unilateral 
reduction in the severity of diabetic microvascular disease occurs 
on the side with ophthalmic or renal artery stenosis is consistent 
with this concept.'*! 


Microvascular Cell Loss and Vessel Occlusion 


The progressive narrowing and occlusion of diabetic microvascular 
lumina is also accompanied by microvascular cell loss. In the 
retina, diabetes induces programmed cell death of Muller 


cells/ganglion cells,'* pericytes, and endothelial cells." In the 
glomerulus, declining renal function is associated with widespread 
capillary occlusion, but the mechanisms underlying glomerular en- 
dothelial cell loss are not yet known. In the vasa nervorum, en- 
dothelial cell and pericyte degeneration occur, and these mi- 
crovascular changes appear to precede the development of diabetic 
peripheral neuropathy.'’ The multifocal distribution of axonal de- 
generation in diabetes supports a causal role for microvascular oc- 
clusion, but hyperglycemia-induced decreases in neurotrophins 
may contribute by preventing normal axonal repair and regenera- 
tion. 


Development of Microvascular Complications 
During Posthyperglycemic Euglycemia 
(Hyperglycemic Memory) 


Another common feature of diabetic microvascular disease has 
been termed hyperglycemic memory. This refers to the persistence 
or progression of hyperglycemia-induced microvascular alterations 
during subsequent periods of normal glucose homeostasis. The 
most striking example of this phenomenon is the development of 
severe retinopathy in histologically normal eyes of diabetic dogs, 
which occurred entirely during a 2.5-year period of normalized 
blood glucose that followed 2.5 years of hyperglycemia (Fig. 13- 
3). Normal dogs were compared to diabetic dogs with either poor 
control for 5 years, good control for 5 years, or poor control for 2.5 
years (P—G,) followed by good control for the next 2.5 years 
(P->G,). HbA,, values for both the good control group and the 
PG, group were identical to the normal group. Hyperglycemia- 
induced increases in selected matrix gene transcription also persist 
for weeks after restoration of normoglycemia in vivo, and a less 
pronounced, but qualitatively similar, prolongation of hyper- 
glycemia-induced increase in selected matrix gene transcription 
occurs in cultured endothelial cells.”” 

Data from the DCCT study suggest that hyperglycemic mem- 
ory occurs in patients. In the secondary intervention cohort, there 
was no difference in the incidence of sustained progression of 
retinopathy for the first 3 years, no difference in development of clin- 
ical albuminuria for 4 years, and no difference in the rate of change 
in creatinine clearance during the entire study. For neuropathy, the 
sural nerve sensory conduction velocity did not ditfer between the 
groups for 4 years, and intensive therapy did not slow the rate of 
decline of autonomic function at all.2?'"?? Even more strikingly, 
the effects of former intensive and conventional therapy on the oc- 
currence and severity of retinopathy and nephropathy were shown 
to persist for 4 years after the DCCT, despite nearly identical gly- 
cosylated hemoglobin values during the four-year follow-up (8.2% 
vs. 7.9%, respectively). Taken together, these observations from 
animal and clinical studies imply that hyperglycemia induces pro- 
longed and sometimes irreversible changes in long-lived intracellu- 
lar molecules that persist and cause continued pathologic function 
in the absence of continued hyperglycemia. 


Genetic Determinants of Susceptibility 
to Microvascular Complications 


Clinicians have long observed that different patients with similar 
duration and degree of hyperglycemia could differ markedly in 
their susceptibility to microvascular complications. Such observa- 
tions suggested that genetic differences existed that affected the 
pathways by which hyperglycemia damaged microvascular cells. 
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FIGURE 13-2. Overexpression of GLUT-1 in mesangial cells cultured in normal glucose mimics the diabetic phe- 
notype. Mesangial cells transfected with either LacZ (MCLacZ) or GLUT-1-expressing constructs (MCGTI) 
were cultured in 5 mmol glucose and the amount of the indicated matrix components secreted was determined. 


(Reproduced with permission from Heilig et al.’) 


The leveling of risk of overt proteinuria after 30 years’ duration of 
type | diabetes at 27% is evidence that only a subset of patients are 
susceptible to developing diabetic nephropathy.” A role for genetic 
determinant of susceptibility to diabetic nephropathy is most 
strongly supported by the demonstration of familial clustering of 
diabetic nephropathy. In two studies of families with two or more 
siblings having type | diabetes, if one diabetic sibling has advanced 
diabetic nephropathy, the other diabetic sibling has a nephropathy 
risk of 83% or 72%, while the risk is only 17% or 22% if the index 
case does not have diabetic nephropathy (Fig. 13-4).7°?’ For 
retinopathy, the DCCT reported familial clustering as well, with an 
odds ratio of 5.4 for the risk of severe retinopathy in diabetic rela- 
tives of positive versus negative subjects from the conventional 
treatment group.” Numerous associations have been made be- 
tween various genetic polymorphisms and the risk of developing 
various diabetic complications. Examples include the 5S’ insulin 
gene polymorphism,” the G2m (23+) immunoglobulin allo- 
type,’ angiotensin-converting enzyme insertion/deletion poly- 
morphisms,*'** HLA-DQB1*0201/0302 alleles,** polymorphisms 
of the aldose reductase gene,** and a polymorphic CCTTT (n) re- 
peat of nitric oxide synthetase 2A.”° In all of these studies, there is 
no indication that the polymorphic gene actually plays a functional 


role, rather than simply being in linkage disequilibrium with the 
locus encoding the unidentified relevant gene(s). 


MECHANISMS OF HYPERGLYCEMIA-INDUCED 
DAMAGE 


Four major hypotheses about how hyperglycemia causes diabetic 
complications have generated a large amount of data, as well as 
several clinical trials based on specific inhibitors of these mecha- 
nisms. Until quite recently, there was no unifying hypothesis link- 
ing these four mechanisms together, nor was there an obvious con- 
nection between any of these mechanisms, each of which responds 
quickly to normalization of hyperglycemia, and the phenomenon 
of hyperglycemic memory (discussed above). 


Increased Polyol Pathway Flux 


Aldose Reductase Function 

Aldose reductase [alditol:NAD(P)* 1-oxidoreductase, EC 
1.1.1.21] is a cytosolic, monomeric oxidoreductase that catalyzes 
the NADPH-dependent reduction of a wide variety of carbonyl 
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FIGURE 13-3. Development of retinopathy during post-hyperglycemic normoglycemia (“hyperglycemic mem- 
ory”). Quantitation of retinal microaneurysms and acellular capillaries in normal dogs. dogs with poor glycemic 
control for 5 years. dogs with good glycemic control for 5 years, dogs with poor glycemic control for 2.5 years 
(POG, ,) and the same dogs alter a subsequent 2.5 years of good glycemic control (P>G,) (Reproduced with per- 
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FIGURE 13-4. Familial clustering of diabetic nephropathy. Prevalence of diabetic nephropathy in two studies of 
diabetic siblings of probands with or without diabetic nephropathy. 
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FIGURE 13-5. Aldose reductase function and the polyol pathway. Aldose 
reductase reduces reactive oxygen species (ROS)-generated toxic alde- 
hydes to inactive alcohols, and glucose to sorbitol, using NADPH as a co- 
factor. Sorbitol dehydrogenase (SDH) oxidizes sorbitol to fructose using 
NAD* as a cofactor (see text for details). Aldose reductase may be acti- 
vated by ROS-induced reduction of nitric oxide modification of a cysteine 
residue in the enzyme’s active site (Reproduced with permission from 
Brownlee.) 


compounds including glucose. Aldose reductase converts a variety 
of toxic aldehydes (such as 2-oxo-aldehydes and those derived 
from lipid peroxidation) to inactive alcohols. NADPH is the cofac- 
tor in both this reaction and in the regeneration of glutathione by 
glutathione reductase. Aldose reductase has a low affinity (high 
Km) for glucose, and at the normal glucose concentrations found in 
nondiabetics, metabolism of glucose by this pathway constitutes a 
very small percentage of total glucose utilization. However, in a 
hyperglycemic environment, increased intracellular glucose con- 
centration (and possibly oxidant stress-induced aldose reductase 
activation) results in increased enzymatic conversion to the polyal- 
cohol sorbitol, with concomitant decreases in NADPH. In celis 
having aldose reductase activity that is sufficient to deplete the en- 
dogenous antioxidant glutathione, hyperglycemia-induced oxida- 
tive stress would be augmented. In the polyol pathway, sorbitol is 
oxidized to fructose by the enzyme sorbitol dehydrogenase (SDH), 
with NAD* reduced to NADH (Fig. 13-5). 


Biochemical Consequences of Increased Polyol 

Pathway Flux 

A number of mechanisms have been proposed to explain the 
potential detrimental effects of hyperglycemia-induced increases in 
polyol pathway flux. These include sorbitol-induced osmotic 
stress, decreased Na*/K*-ATPase activity, increased cytosolic 
NADH/NAD*, and decreased cytosolic NADPH. Sorbitol does not 
diffuse easily across cell membranes, and it was originally sug- 
gested that this resulted in osmotic damage to microvascular cells. 
However, sorbitol concentrations measured in diabetic vessels and 
nerves are far too low to cause osmotic damage. 

Another early suggestion was that increased flux through the 
polyol pathway decreased Na*/K*-ATPase activity. Although this 
was originally thought to be mediated by polyol-pathway-linked 
decreases in phosphatidylinositol synthesis, it has recently been 
shown to result from activation of protein kinase C (PKC; see 
below). Hyperglycemia-induced activation of PKC increases cy- 
tosolic phospholipase A, activity, which increases the production 
of two inhibitors of Na*/K*-ATPase, arachidonate and PGE).*® 

More recently, it has been proposed that oxidation of sorbitol by 
NAD* increases the cytosolic ratio of NADH to NAD“, thereby in- 
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hibiting activity of the enzyme glyceraldehyde-3-phosphate dehy- 
drogenase, and increasing concentrations of triose phosphate.” Ele- 
vated triose phosphate concentrations could increase formation of 
both methylglyoxal, a precursor of advanced glycation endproducts, 
and diacylglycerol (via a-glycerol-3-phosphate), thus activating 
PKC (discussed in subsequent sections). Although increased 
NADH production is supported by the observation that hyper- 
glycemia increases both lactate concentration and the lactate:pyru- 
vate ratio, there is no direct evidence that the concentrations of 
NADH and NAD*, as opposed to NADH and NAD* flux, are al- 
tered. In endothelial cells, where aldose reductase activity is low, in- 
creased NADH production may also reflect hyperglycemia-induced 
increased flux through glycolysis*® and through the glucuronic acid 
pathway.” 

Other evidence presented in support of this hypothesis in- 
cludes the observation that administration of pyruvate can prevent 
diabetes-related endothelial dysfunction in some systems. How- 
ever, the observed effects of pyruvate on microvascular function 
may reflect its potent antioxidant properties rather than effects on 
the NADH:NAD™ ratio, since reactive oxygen species also 
partially inhibit glyceraldehyde-3-phosphate dehydrogenase and 
increase glyceraldehyde-3-phosphate levels.“°*' The source of 
hyperglycemia-induced reactive oxygen species will be discussed 
later in this chapter. 

It has also been proposed that reduction of glucose to sorbitol 
by NADPH consumes the cofactor NADPH. Since NADPH is re- 
quired for regenerating reduced glutathione (GSH), this could in- 
duce or exacerbate intracellular oxidative stress. Less reduced 
GSH has in fact been found in the lenses of transgenic mice that 
overexpress aldose reductase, and this is the most likely mecha- 
nism by which increased flux through the polyol pathway has 
deleterious consequences.*” Hyperglycemia-induced inhibition of 
glucose-6-phosphate dehydrogenase, the major source of NADPH 
regeneration, may further reduce NADPH concentration in some 
diabetic microvascular cells.“ 


Increased Intracellular AGE Formation 


Advanced Glycation Endproducts Form 

from Intracellular Dicarbonyl Precursors 

Advanced glycation endproducts (AGEs) are found in in- 
creased amounts in extracellular structures of diabetic retinal ves- 
sels**“® and renal glomeruli,*”“? where they can cause damage by 
mechanisms described later in this section. These AGEs were orig- 
inally thought to arise from nonenzymatic reactions between extra- 
cellular proteins and glucose. However, the rate of AGE formation 
from glucose is orders of magnitude slower than the rate of AGE 
formation from glucose-derived dicarbonyl precursors generated 
intracellularly, and it now seems likely that intracellular hyper- 
glycemia is the primary initiating event in the formation of both 
intracellular and extracellular AGEs." AGEs can arise from intra- 
cellular autoxidation of glucose to glyoxal,”’ decomposition of the 
Amadori product to 3-deoxyglucosone (perhaps accelerated by an 
Amadoriase), and fragmentation of glyceraldehyde-3-phosphate to 
methylglyoxal* (Fig. 13-6). These reactive intracellular dicar- 
bonyls react with amino groups of intracellular and extracellular 
proteins to form AGEs. Methylglyoxal and glyoxal are detoxified 
by the glyoxalase system.” All three AGE precursors are also sub- 
strates for other reductases.°*** 

Intracellular production of AGE precursors damages target 
cells by three general mechanisms (Fig. 13-7). First, intracellular 
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FIGURE 13-6. Intracellular AGE formation. Potential pathways leading to 
the formation of advanced glycation endproducts (AGEs) inside cells (see 
text for details). (Reproduced with permission from Shinohara et al.” ) 


proteins modified by AGEs have altered function. Second, extracel- 
lular matrix components modified by AGE precursors interact ab- 
normally with other matrix components and with matrix receptors 
(integrins) on cells. Third, plasma proteins modified by AGE pre- 
cursors bind to AGE receptors on cells such as macrophages, in- 
ducing receptor-mediated reactive oxygen species production. This 
AGE receptor ligation activates the pleiotrophic transcription fac- 
tor NF«B, causing pathologic changes in gene expression." 


FIGURE 13-7. Intracellular production of AGE precursors damages cells by 
three mechanisms. (Reproduced with permission from Brownlee.'”°) 
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Advanced Glycation Endproducts Alter 

Intracellular Protein Function 

In endothelial cells, intracellular AGE formation occurs very 
quickly. Within | week, AGE content increases 13.8-fold in en- 
dothelial cells cultured in media containing high levels of glu- 
cose.” Basic fibroblast growth factor (bFGF) is one of the major 
AGE-modified proteins in endothelial cells.*° Endothelial cell cy- 
tosol mitogenic activity is reduced 70% by AGE formation when 
cytosolic AGE-bFGF is increased 6.1-fold. Proteins involved in 
macromolecular endocytosis are also modified by AGEs, since the 
2.2-fold increase in endocytosis induced by hyperglycemia is also 
prevented by overexpression of the methylglyoxal-detoxifying gly- 
oxalase I.*’ Glyoxalase-I overexpression also completely prevents 
the fourfold hyperglycemia-induced increase in Muller cell expres- 
sion of angiopoietin-2, a factor that has been implicated in both 
pericyte loss and capillary regression.’ This observation sug- 
gests that the a-oxoaldehyde AGE precursors methylglyoxal and 
glyoxal modify transcriptional complex proteins and thereby acti- 
vate gene expression. 


Advanced Glycation Endproducts Interfere 

with Normal Matrix-Matrix and Matrix-Cell 

Interactions 

AGE formation alters the functional properties of several im- 
portant matrix molecules. Collagen was the first matrix protein 
used to demonstrate that glucose-derived AGEs form covalent, in- 
termolecular bonds. This process is partly mediated by H,O, pro- 
duction.° On type I collagen, this crosslinking induces an expan- 
sion of the molecular packing.“ These AGE-induced crosslinks 
alter the function of intact vessels. For example, AGEs decrease 
elasticity in large vessels from diabetic rats, even after vascular 
tone is abolished, and increase fluid filtration across the carotid ar- 
tery.“ AGE formation on type IV collagen from basement mem- 
brane inhibits lateral association of these molecules into a normal 
network-like structure by interfering with binding of the noncol- 
lagenous NC! domain to the helix-rich domain.®° AGE formation 
on laminin causes decreased polymer self-assembly, decreased 
binding to type IV collagen, and decreased binding of heparan sul- 
fate proteoglycan.” Jn vitro AGE formation on intact glomerular 
basement membrane increases its permeability to albumin in a 
manner that resembles the abnormal permeability of diabetic 
nephropathy.‘ -4 

AGE formation on extracellular matrix not only interferes with 
matrix-matrix interactions, it interferes with matrix-cell interac- 
tions as well. For example, AGE modification of type IV collagen’s 
cell-binding domains decrease endothelial cell adhesion,® and 
AGE modification of a six-amino-acid growth-promoting se- 
quence in the A chain of the laminin molecule markedly reduces 
neurite outgrowth.” AGE modification of vitronectin reduced cell 
attachment-promoting activity." 


AGE Receptors Mediate Pathologic Changes 

in Gene Expression 

Specific receptors for AGEs were first identified on monocytes 
and macrophages. Two AGE-binding proteins isolated from rat 
liver are both present on monocyte/macrophages. Antisera to ei- 
ther the 60-kd or 90-kd protein, recently identified as OST-48 and 
80K-H, respectively.” block AGE binding.” AGE protein binding 
to this receptor stimulates macrophage production of interleukin-1, 
insulin-like growth factor IGF-1, tumor necrosis factor a, trans- 
forming growth factor-B, macrophage colony-stimulating factor, 


CHAPTER 13 


and granulocyte/macrophage colony-stimulating factor at levels 
that have been shown to increase glomerular synthesis of type IV 
collagen and to stimulate proliferation and chemotaxis of both arte- 
rial smooth muscle cells and macrophages.’”**? The macrophage 
scavenger receptor type 2 and galectin-3 have also been shown to 
recognize AGEs.**-*6 

AGE receptors have also been identified on glomerular 
mesangial cells. /n vitro, AGE protein binding to its receptor on 
mesangial cells stimulates platelet-derived growth factor secre- 
tion, which in turn mediates production of type IV collagen, 
laminin, and heparan sulfate proteoglycan.*”** 

Vascular endothelial cells also express AGE-specific recep- 
tors (RAGE). A 35-kd and a 46-kd AGE-binding protein have 
been purified to homogeneity from endothelial cells.°°-°! The N- 
terminal sequence of the 35-kd protein was identical to lactofer- 
rin, whereas the 46-kd protein was novel. A full-length, 1.5-kb 
cDNA for the 46-kd protein was cloned and sequenced. This 
novel AGE-binding protein appears to be a member of the im- 
munoglobulin superfamily, with three disulfide-bonded im- 
munoglobulin homology units. RAGE has been shown to mediate 
signal transduction via generation of reactive oxygen species, ac- 
tivation of NFkB, and p21 ras.” AGE signaling is blocked in 
cells by expression of RAGE antisense cDNA” or antiRAGE ri- 
bozyme.”© 

In endothelial cells, AGE binding to its receptor induces changes 
in gene expression that include alterations in thrombomodiulin, tis- 
sue factor, and vascular cell adhesion molecule 1 (VCAM-1).27-' 
These changes induce procoagulatory changes in the endothelial 
surface and increase the adhesion of inflammatory cells to the vessel 
wall. In addition, endothelial AGE receptor binding appears to medi- 
ate in part the hyperpermeability induced by diabetes, probably 
through the induction of vascular endothelial growth factor. '°!-'™ 


Activation of Protein Kinase C 


Mechanism of Hyperglycemia-Induced Protein 

Kinase C Activation 

Protein kinase Cs (PKCs) are a family of at least eleven iso- 
forms, nine of which are activated by the lipid second messenger 
diacylglycerol (DAG). Intracellular hyperglycemia increases DAG 
content in cultured microvascular cells and in the retina and renal 
glomeruli of diabetic animals.!°'® Intracellular hyperglycemia 
appears to increase DAG content primarily by increasing its de 
novo synthesis from the glycolytic intermediate glyceraldehyde- 
3-phosphate via reduction to glycerol-3-phosphate and stepwise 
acylation.'!°*!° Increased de novo synthesis of DAG activates PKC 
both in cultured vascular cells'°'°*'!° and in retina and glomeruli 
of diabetic animals.'°*'*'° Increased DAG primarily activates the 
B and ô isoforms of PKC, but increases in other isoforms have also 
been found, such as PKC-a and -e isoforms in the retina and PKC- 
a and -8 in the glomerulus!!!"!!? of diabetic rats. 


Consequences of Hyperglycemia-Induced 

PKC Activation 

In early experimental diabetes, activation of PKC-B isoforms 
has been shown to mediate retinal and renal blood flow abnormali- 
ties,” perhaps by depressing nitric oxide production and/or in- 
creasing endothelin-1 activity (Fig. 13-8). Abnormal activation of 
PKC has been implicated in the decreased glomerular production 
of nitric oxide induced by experimental diabetes,''* and in the de- 
creased smooth muscle cell nitric oxide production induced by hy- 
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FIGURE 13-8. Potential consequences of hyperglycemia-induced protein 
kinase C activation. Hyperglycemia increases diacylglycerol (DAG) con- 
tent, which activates PKC, primarily the B and 8 isoforms. Activated PKC 
has a number of pathogenic consequences which are described in the text. 
(Reproduced with permission from Koya et al!!!) 


perglycemia.''> PKC activation also inhibits insulin-stimulated ex- 
pression of eNOS mRNA in cultured endothelial cells.''® Hyper- 
glycemia increases endothelin-1-stimulated mitogen-activated pro- 
tein kinase (MAPK) activity in glomerular mesangial cells by 
activating PKC isoforms.''’ However, the increased endothelial 
cell permeability induced by high glucose in cultured cells is medi- 
ated by activation of PKCa.''* Activation of PKC by elevated glu- 
cose also induces expression of the permeability-enhancing factor 
VEGF in smooth muscle cells. !'° 

In addition to affecting hyperglycemia-induced abnormalities 
of blood flow and permeability, activation of PKC contributes to in- 
creased microvascular matrix protein accumulation by inducing 
expression of TGF, fibronectin, and a1(IV) collagen in both cul- 
tured mesangial cells'?”!?! and in glomeruli of diabetic rats.'*” 
This effect appears to be mediated through PKC’s inhibition of 
nitric oxide production. '™” However, hyperglycemia-induced ex- 
pression of laminin C1 in cultured mesangial cells is independent 
of PKC activation.'** Hyperglycemia-induced activation of PKC 
has also been implicated in the overexpression of the fibrinolytic 
inhibitor plasminogen activator inhibitor-1,'?° and in the activation 
of the pleiotrophic transcription factor NF«B in cultured endothe- 
lial cells and vascular smooth muscle cells.'?*!?” 


Increased Hexosamine Pathway Flux 


A fourth hypothesis about how hyperglycemia causes diabetic 
complications has recently been formulated,!?®!? in which glu- 
cose is shunted into the hexosamine pathway (Fig. 13-9). In this 
pathway, fructose-6-phosphate is diverted from glycolysis to provide 
substrates for reactions that require UDP-N-acetylglucosamine, such 
as proteoglycan synthesis and the formation of O-linked glycopro- 
teins. Inhibition of the rate-limiting enzyme in the conversion of glu- 
cose to glucosamine, glutamine:fructose-6-phosphate amidotrans- 
ferase (GFAT), blocks hyperglycemia-induced increases in the 
transcription of both transforming growth factor-a '”® and transform- 
ing growth factor-8, (TGF-B,).'”” This pathway has previously been 
shown to play an important role in hyperglycemia-induced and fat- 
induced insulin resistance. '°*!*? 

The mechanism by which increased flux through the hex- 
osamine pathway mediates hyperglycemia-induced increases in 
gene transcription is not clear, but the observation that Sp! sites reg- 


188 DIABETES MELLITUS 


Glycolytic Pathway 
4 


Glucose > Glc-6-P > Fruc-6-P 


| GFAT 
AZA® 
or AS-GFAT Glu 
Glucosamine-6-P 
+ 
UDPGIcNAc 


Glucose 


Nucleus 


FIGURE 13-9. Hyperglycemia increases hexosamine pathway flux. In this 

pathway, increased O-linked GlcNAc moieties on the transcription factor 
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ulate hyperglycemia-induced activation of the PAI-1 promoter in 
vascular smooth muscle cells!” suggests that covalent modification 
of Spl by N-acetylglucosamine may explain the link between hex- 
osamine pathway activation and hyperglycemia-induced changes in 
gene transcription. Virtually every RNA polymerase II transcription 
factor examined has been found to be 0-GlcNacylated,'™* and the 
glycosylated form of Spl appears to be more transcriptionally ac- 
tive than the deglycosylated form of the protein.'** A fourfold in- 
crease in Sp! 0-GlcNacylation caused by inhibition of the enzyme 
0-GlcNac-B-N-acetylglucosaminidase resulted in a reciprocal 30% 
decrease in its level of serine/threonine phosphorylation, supporting 
the concept that 0-GlcNacylation and phosphorylation compete to 
modify the same sites on this protein.'° 

GlcNac modification of Spl may regulate other glucose- 
responsive genes in addition to TGFB, and PAI-1. Glucose- 
responsive transcription is regulated by Sp! sites in the acetyl CoA 
carboxylase gene, the rate-limiting enzyme for fatty acid synthesis, 
for example, and it appears that posttranslational modification of 
Spl is responsible for this effect." Since virtually every RNA 
polymerase II transcription factor examined has been found to be 
O-GlcNacylated,'** it is possible that reciprocal modification by 
O-GlcNacylation and phosphorylation of transcription factors 
other than Sp! may function as a more generalized mechanism for 
regulating glucose-responsive gene transcription. 

In addition to transcription factors, many other nuclear and cy- 
toplasmic proteins are dynamically modified by O-GlcNAc moi- 
eties, and may exhibit reciprocal modification by phosphorylation 
in a manner analogous to Sp1.'** Thus, activation of the hex- 
osamine pathway by hyperglycemia may result in many changes in 
both gene expression and in protein function that together con- 
tribute to the pathogenesis of diabetic complications. 


DIFFERENT PATHOGENIC MECHANISMS 
Ai adhe SINGLE HYPERGLYCEMIA-INDUCED 


Although specific inhibitors of aldose reductase activity, AGE for- 
mation, and PKC activation each ameliorate various diabetes- 
induced abnormalities in animal models, there has been no appar- 
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FIGURE 13-10. Glucose oxidation and the production of cytoplasmic and 
mitochondrial reducing equivalents. 


ent common element linking the four mechanisms of hyper- 
glycemia-induced damage discussed in the preceding section. '°> 
'42.113 Tt has also been conceptually difficult to explain the phe- 
nomenon of hyperglycemic memory (discussed in an earlier sec- 
tion) as a consequence of four processes that quickly normalize 
when euglycemia is restored. These issues may have now been re- 
solved by the recent discovery that each of the four differ- . patho- 
genic mechanisms could reflect a single hyperglycemia-induced 
process: overproduction of superoxide by the mitochondrial elec- 
tron transport chain." B49 

Hyperglycemia increases reactive oxygen species production 
inside cultured bovine aortic endothelial cells.'“ To understand how 
this occurs, a brief overview of glucose metabolism is helpful. Intra- 
cellular glucose oxidation begins with glycolysis in the cytoplasm, 
which generates NADH and pyruvate. Cytoplasmic NADH can do- 
nate reducing equivalents to the mitochondrial electron transport 
chain via two shuttle systems, or it can reduce pyruvate to lactate, 
which exits the cell to provide substrate for hepatic gluconeogenesis. 
Pyruvate can also be transported into the mitochondria, where it is 
oxidized by the tricarboxylic acid (TCA) cycle to produce CO,, H20, 
four molecules of NADH, and one molecule of FADH;. Mitochondr- 
ial NADH and FADH, provide energy for ATP production via oxida- 
tive phosphorylation by the electron transport chain (Fig. 13-10). 

Electron flow through the mitochondrial electron transport 
chain is carried out by four inner membrane-associated enzyme 
complexes, plus cytochrome c and the mobile carrier ubiquinone." 
NADH derived from both cytosolic glucose oxidation and mito- 
chondrial TCA cycle activity donates electrons to NADH: 
ubiquinone oxidoreductase (complex I). Complex I ultimately 
transfers its electrons to ubiquinone. Ubiquinone can also be re- 
duced by electrons donated from several FADH,-containing dehy- 
drogenases, including succinate:ubiquinone oxidoreductase (com- 
plex II) and glycerol-3-phosphate dehydrogenase. Electrons from 
reduced ubiquinone are then transferred to ubiquinol:cytochrome c 
oxidoreductase (complex III) by the ubisemiquinone radical-gener- 
ating Q cycle." Electron transport then proceeds through cy- 
tochrome c, cytochrome c oxidase (complex IV), and finally, mo- 
lecular oxygen. 

Electron transfer through Complexes I, III, and IV generates a 
proton gradient that drives ATP synthase (Complex V). When the 
electrochemical potential difference generated by this proton gra- 
dient is high, the life of superoxide-generating electron transport 
intermediates such as ubisemiquinone is prolonged. There appears 
to be a threshold value above which superoxide production is 
markedly increased (Fig. 13-11).'47 


CHAPTER 13 


Aiunt 


Succinate 
NAD+ NADH+H+ 


Fumarate 


O; O, 


ED: 
l 


H 


BIOCHEMICAL MECHANISMS OF MICROVASCULAR DISEASE 18$ 


YAuH* 


H* H* H* 


ATP 


synthase UCP 


e) 


(0) 


2 
O, 


ATP  ADP+P, 


FIGURE 13-11. Production of superoxide by the mitochondrial electron transport chain. Increased hyper- 
glycemia-derived substrate generates a high mitochondrial membrane potential (åApH* ), which inhibits electron 
transport and increases the half-life of intermediates capable of reducing O, to superoxide (see text for details). 


(Reproduced with permission from Boss et al.) 


Using inhibitors of both the shuttle that transfers cytosolic 
NADH into mitochondria, and the transporter that transfers cytoso- 
lic pyruvate into the mitochondria, the TCA cycle was shown to be 
the source of hyperglycemia-induced reactive oxygen species in 
endothelial cells. To determine the site of hyperglycemia-induced 
intracellular reactive oxygen species (ROS) production, endothelial 
cells were first incubated with either rotenone, an inhibitor of com- 
plex I, thenoyltrifluoroacetone (TTFA), an inhibitor of complex II, 
or carbonyl cyanide m-chlorophenylhydrazone (CCCP), an uncou- 
pler of oxidative phosphorylation that abolishes the mitochondrial 
membrane proton gradient. Compared with baseline conditions 
(5 mmol glucose), incubation with 30 mmol glucose increased 
ROS production from 52.08 + 1.03 (5 mmol glucose) to 154 + 
1.38 nmol/mL (Fig. 13-12). Rotenone did not reduce increased 
ROS production, while both TTFA and CCCP completely pre- 
vented the effect of hyperglycemia (Fig. 13-12). 

Since pharmacologic inhibitors are not absolutely specific to 
one cellular target, experiments were also performed using molec- 
ular techniques. Overexpression of uncoupling protein-1 (UCP1), a 
specific protein uncoupler of oxidative phosphorylation capable of 
collapsing the proton electrochemical gradient,'*® also prevented 
the effect of hyperglycemia (Fig. 13-12). Antisense cDNA in the 
same gene transfer vector did not (Fig. 13-12). These results 
demonstrate that hyperglycemia-induced intracellular ROS are 
produced by the proton electrochemical gradient generated by the 
mitochondrial electron transport chain. Overexpression of man- 
ganese superoxide dismutase, the mitochondrial form of this an- 
tioxidant enzyme,” also prevented the effect of hyperglycemia 
(Fig. 13-12). This result demonstrates that superoxide is the reac- 
tive oxygen radical produced by this mechanism. 


The effect of hyperglycemia-induced mitochondrial superox- 
ide overproduction on polyol pathway flux was evaluated after first 
determining that sorbitol in these cells was exclusively derived 
from aldose reductase activity. Sorbitol levels were 2.6-fold higher 
than baseline (5 mmol glucose) when endothelial cells were incu- 
bated in 30 mmol glucose (Fig. 13-13). Hyperglycemia-induced 
sorbitol accumulation was completely prevented by TTFA, UCP] 
and Mn-SOD (Fig. 13-13), indicating that mitochondrial superox- 
ide overproduction stimulates aldose reductase activity. This obser- 


FIGURE 13-12. Effect of agents that alter mitochondrial metabolism on 
hyperglycemia-induced reactive oxygen species (ROS) formation in bovine 
aortic endothelial cells. Cells were incubated in 5 mmol glucose, 30 mmol 
glucose alone, and 30 mmol glucose plus either rotenone, thenoyltrifluo- 
toacetone (TTFA), carbonyl cyanide m-chlorophenylhydrazone (CCCP), 
antisense (AS), uncoupling protein-| (UCP1), or manganese superoxide 
dismutase (Mn-SOD) HVJ-liposomes, and ROS were quantitated. (Repro- 
duced with permisison from Nishikawa et al.**) 


Smmot 30mmol 30mmol 30mmol 30mmel 30mmel 30mmel 30mmol 
Glu Glu Glu Glu Glu Glu Glu Glu 
+Rotenone +TIFA +CCCP +AS 


+UCP1 +Mn-SOD 


190 DIABETES MELLITUS 


nmol Sorbilol/mg Protein 


Smmol 30mmol 30mmol mmo! 30mmol 30mmol 
Glu Glu Glu Glu Glu Glu 
+ TTFA +AS +UCP1 + Mn-SOD 


FIGURE 13-13. Effect of agents that alter mitochondrial metabolism on 
hyperglycemia-induced sorbitol accumulation. Cells were incubated in 5 
mmol glucose, 30 mmol glucose alone, and 30 mmol glucose plus either 
thenoyltrifluoroacetone (TTFA), antisense (AS). uncoupling protein-1 
(UCP1), or manganese superoxide dismutase (Mn-SOD) HVJ-liposomes, 
as indicated. (Reproduced with permission from Nishikawa et al."*) 


vation is consistent with recent data suggesting that aldose reduc- 
tase activity is reversibly downregulated by nitric oxide modifica- 
tion of a cysteine residue in the enzyme’s active site,'™” and that re- 
active oxygen species appear to reduce nitric oxide levels in diabetic 
endothelium. '*! It may also reflect the well-described reversible in- 
hibition of glyceraldehyde-3-phosphate dehydrogenase by reactive 
oxygen species, ™!® which increases glyceraldehyde-3-phosphate 
levels and the levels of proximal glycolytic metabolites including 
glucose. 

Next, the effect of hyperglycemia-induced mitochondrial su- 
peroxide overproduction on intracellular AGE formation was 
determined. In bovine aortic endothelial cells, hyperglycemia in- 
creases intracellular AGEs primarily, if not exclusively, by increas- 
ing the formation of AGE-forming methylglyoxal.°’ Therefore, the 
effect of TTFA, CCCP, UCP1. and Mn-SOD on hyperglycemia- 
induced formation of intracellular methylglyoxal-derived AGEs 
was examined (Fig. 13-14). Each of these agents completely pre- 
vented hyperglycemia-induced formation of intracellular AGEs 
(Fig. 13-14), indicating that mitochondrial superoxide initiates in- 
tracellular AGE formation. Since methylglyoxal is formed by frag- 
mentation of glyceraldehyde-3-phosphate, this dependency on in- 
creased mitochondrial superoxide production also likely reflects 
increased glyceraldehyde-3-phosphate levels due to inhibition of 


FIGURE 13-14. Effect of agents that alter mitochondrial metabolism on 
hyperglycemia-induced intracellular AGE formation. Cells were incubated 
in 5 mmol glucose, 30 mmol glucose alone, and 30 mmol glucose plus ei- 
ther thenoyltrifluoroacetone (TTFA), uncoupling protein-1 (UCP1), or 
manganese superoxide dismutase (Mn-SOD) HVJ-liposomes. as indicated. 
Age Densitromety (AU). (Reproduced with permission from Nishikawa 
et al.*¥) 
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FIGURE 13-15. Effect of agents that alter mitochondrial metabolism on 
hyperglycemia-induced PKC activation. Cells were incubated in 5 mmol 
glucose, 30 mmol glucose alone, and 30 mmol glucose plus either thenoyl- 
trifluoroacetone (TTFA), carbonyl cyanide m-chlorophenylhydrazone 
(CCCP). uncoupling protein-1 (UCP1), or manganese superoxide dismu- 
tase (Mn-SOD) HV3J-liposomes, as indicated, and PKC activity was deter- 
mined in the membrane fraction. (Reproduced with permission from 
Nishikawa et al.**) 


glyceraldehyde-3-phosphate dehydrogenase by reactive oxygen 
species.1!-!48 

The effect of TTFA, CCCP, UCP1, and Mn-SOD on hyper- 
glycemia-induced activation of PKC was also evaluated (Fig. 13- 
15). Each of these agents completely inhibited PKC activation, 
suggesting that mitochondrial superoxide overproduction initiates 
the hyperglycemia-induced de novo synthesis of diacylglycerol 
that activates PKC.!°? Most likely this too reflects increased glycer- 
aldehyde-3-phosphate levels due to inhibition of glyceraldehyde-3- 
phosphate dehydrogenase by reactive oxygen species.*''!4 

Finally, the effect of hyperglycemia-induced mitochondrial su- 
peroxide overproduction on the hexosamine pathway was deter- 
mined.'** Hyperglycemia induced an increase in hexosamine path- 
way activity that was completely prevented by TTFA, CCCP, and 
by azaserine, an inhibitor of the rate-limiting enzyme in the hex- 
osamine pathway (Fig. 13-16). The increased production of UDP- 
N-acetyl glucosamine by hyperglycemia-induced mitochondrial 
superoxide overproduction was shown to increase O-glycosylation 
of the transcription factor Sp1, which activated expression of genes 
known to contribute to the pathogenesis of diabetic complica- 
tions.’ 


FIGURE 13-16. Effect of agents that alter mitochondrial metabolism on 
hyperglycemia-induced hexosamine pathway activity. Cells were incubated 
in 5 mmol glucose. 30 mmol glucose alone, and 30 mmol glucose plus ei- 
ther thenoylurifluoroacetone (TTFA), carbonyl cyanide m-chlorophenylhy- 
drazone (CCCP). manganese (III) tetrakis(4-benzoic acid) porphyrin 
(TBAP), or azaserine as indicated, and UDP-GlcNAc concentration was 
determined. 
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FIGURE 13-17. Potential mechanism for initiating hyperglycemic memory. 
Hyperglycemia-induced increases in reactive oxygen species are generated 
as a consequence of increased reducing equivalents entering the mitochon- 
drial electron transport chain. The increased ROS would not only increase 
aldose reductase activity, AGE formation, PKC activity, and hexosamine 
pathway activity, but would also induce mutations in mitochondrial DNA. 
(Reproduced with permission from Doctrow et al.'”*) 


Hyperglycemia-induced activation of the redox-sensitive 
pleiotrophic transcription factor NfxB was also prevented by inhi- 
bition of mitochondrial superoxide overproduction.*® 


A POSSIBLE MOLECULAR BASIS 
FOR HYPERGLYCEMIC MEMORY 


In contrast to the four known hyperglycemia-inducible abnormali- 
ties of intracellular metabolism, hyperglycemia-induced mitochon- 
drial superoxide production may provide an explanation for the 
development of complications during posthyperglycemic normo- 
glycemia (hyperglycemic memory). Hyperglycemia-induced in- 
creases in superoxide would not only increase aldose reductase 
activity, AGE formation, PKC activity, and hexosamine pathway 
activity, but may also induce mutations in mitochondrial DNA 
(Fig. 13-17).!*? Mitochondria are more vulnerable to mutation be- 
cause mtDNA contains virtually no introns, lacks protective his- 
tones, and has no effective DNA repair mechanism. "+^" mtDNA 
has a 10- to 20-fold higher mutation rate than nuclear DNA.'°7!8 
Defective electron transport complex subunits encoded by mutated 
mitochondrial DNA could eventually cause increased superoxide 
production at physiologic concentrations of glucose, with resultant 
continued activation of the four pathways despite the absence of 
hyperglycemia (Fig. 13-18). 


PROSPECTS FOR PHARMACOLOGIC 
INTERVENTION 


Aldose Reductase Inhibitors 


In vivo studies of polyol pathway inhibition have yielded promis- 
ing results with neuropathy but disappointing results in other target 
tissues of diabetic complications. During the course of a 5-year 
study, nerve conduction velocity progressively decreased in un- 
treated diabetic dogs, while this decrease was prevented by treat- 
ment with an aldose reductase inhibitor (ARI).'°? Positive effects 
of ARIs on human diabetic neuropathy have been reported.'**'™ In 
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FIGURE 13-18. Potential mechanism for sustaining hyperglycemic mem- 
ory. Mitochondrial DNA mutated by hyperglycemia-induced ROS would 
encode defective electron transport chain subunits. These defective subunits 
would cause increased ROS production by the electron transport chain at 
physiologic concentrations of glucose and glucose-derived reducing equiv- 
alents, thus maintaining the activation of aldose reductase activity, AGE 
formation, PKC activity, and hexosamine pathway activity. (Reproduced 
with permission from Doctrow et al.'"*) 


contrast, aldose reductase inhibition failed to prevent retinopathy in 
a 5-year study in dogs, nor did it prevent capillary basement mem- 
brane thickening in the retina, kidney, or muscles.’®' A 3-year 
human trial also failed to show any effect on diabetic retinopathy. ' 


AGE Inhibitors 


The hydrazine compound aminoguanidine was the first AGE in- 
hibitor discovered,” and its effect on diabetic pathology has been 
investigated in the retina, kidney, nerve, and artery. In the rat retina, 
diabetes causes a 19-fold increase in the number of acellular capil- 
laries. Aminoguanidine treatment of diabetics prevented excess 
AGE accumulation and reduced the number of acellular capillaries 
by 80%. Diabetes-induced pericyte dropout also was markedly re- 
duced by aminoguanidine treatments. 

Similar results have been obtained in animal models of dia- 
betic kidney disease.'**"'© Diabetes increased AGEs in the renal 
glomerulus, and aminoguanidine treatment prevented this diabetes- 
induced increase. Untreated diabetic animals developed albumin- 
uria that averaged 30 mg every 24 hours for 32 weeks. This was 
more than a 10-fold increase above control levels. In 
aminoguanidine-treated diabetic rats, the level of albumin excre- 
tion was reduced nearly 90%.*° Untreated diabetic animals also 
developed the characteristic structural feature of human diabetic 
nephropathy, increased fractional mesangial volume. When dia- 
betic animals were treated with aminoguanidine, the increase 
was completely prevented. A structurally unrelated AGE in- 
hibitor, OPB-9195 also prevented the development and progres- 
sion of experimental diabetic nephropathy by blocking type IV 
collagen overproduction and normalizing the expression of 
TGFp.'%'97 

In the peripheral nerve of diabetic rats, both motor nerve and 
sensory nerve conduction velocity are decreased after 8 weeks of 
diabetes.'"* Nerve action-potential amplitude is decreased by 
37% and peripheral nerve blood flow is decreased by 57% after 
24 weeks of diabetes.’ Aminoguanidine treatment prevented 


each of these abnormalities of diabetic peripheral nerve func- 
tion, 18:1 
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In a large randomized, double-blind, placebo-controlled, mul- 
ticenter trial of aminoguanidine in type 1 diabetic patients with 
overt nephropathy, aminoguanidine lowered total urinary protein 
and slowed progression of nephropathy, over and above the effects 
of existing optimal care. In addition, aminoguanidine reduced the 
progression of diabetic retinopathy (defined as an increase by three 
or more steps in the ETDRS scale).!”°'7! 


PKC Inhibitors 


The recent development of a B isoform-specific PKC inhibitor has 
allowed in vivo studies to go forward, since the toxicity of nonse- 
lective PKC inhibitors precludes their use. LY333531 inhibits 
PKCB, and PKC, with a half-maximal inhibitory constant (ICsy) 
that is at least 50-fold less than for other PKC isoforms." Treat- 
ment with LY333531 significantly reduced PKC activity in the 
retina and renal glomeruli of diabetic animals. Concomitantly, 
LY333531 treatment significantly reduced diabetes-induced in- 
creases in retinal mean circulation time, normalized diabetes- 
induced increases in glomerular filtration rate, and partially cor- 
rected urinary albumin excretion. Treatment of db/db mice with 
LY333531 for a longer period of time also ameliorated accelerated 
glomerular mesangial expansion.'”” Clinical trials of LY333531 in 
human diabetic patients are currently in progress. 


Hexosamine Pathway Inhibitors 


To date, there have been no in vivo trials of hexosamine pathway 
inhibitors, but the in vitro data discussed earlier in this chapter sug- 
gest that inhibitors of the rate-limiting enzyme of this pathway, 
glutamine:fructose-6-phosphate amidotransferase (GFAT), would 
have beneficial effects. 


Future Drug Targets 


The recent discovery that each of the four different pathogenic 
mechanisms discussed in this chapter may reflect a single 
hyperglycemia-induced process**'*? suggests that interrupting the 
overproduction of superoxide by the mitochondrial electron trans- 
port chain could normalize polyol pathway flux, AGE formation, 
PKC activation, and hexosamine pathway flux, as well as a number 
of other hyperglycemia-induced mechanisms that remain to be dis- 
covered. 

Novel compounds that act as superoxide dismutase/catalase 
mimetics already exist,!’*'™* and these compounds have been 
shown to normalize hyperglycemia-induced mitochondrial super- 
oxide overproduction in vitro.'** Compounds that directly prevent 
hyperglycemia-induced mitochondrial superoxide overproduction 
may also hold promise. Drugs that normalize superoxide-induced 
triose phosphate accumulation are another logical therapeutic strat- 
egy. These and the other agents described in this section may have 
unique clinical efficacy in preventing the development and progres- 
sion of diabetic complications. 
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Molecular Mechanisms and Genetic Engineering 


of Insulin-Secreting Cells 


Hindrik Mulder 
Christopher B. Newgard 


In the history of diabetes research, major breakthroughs in under- 
standing of the molecular mechanisms underlying the two predom- 
inant forms of the disease have been rare, contributing to the slow 
development of new therapies. For example, the treatment for type 
1 diabetes mellitus (T1DM) is much the same today as it was at the 
time of the discovery of insulin by Banting and Best in 1922. We 
also do not yet understand in detail the mechanism by which 
insulin-containing islet B cells are specifically destroyed by the im- 
mune system in T1DM, the mechanisms underlying development 
of B-cell dysfunction in the majority of patients with type 2 dia- 
betes mellitus (T2DM), or the molecular and biochemical defects 
that cause insulin resistance. 

The tools of molecular biology have been applied to diabetes 
research with increasing frequency and effectiveness over the past 
decade. In a preceding edition of this book, we wrote about the var- 
ious gene transfer methods to help in understanding the mechanics 
of diabetes, both at the levels of insulin action and insulin secre- 
tion.’ In the ensuing period, tremendous progress has been made, 
such that it is no longer possible to provide a complete overview of 
the entire field in a single chapter. For the current volume, we have 
therefore chosen to focus on new insights gained into the biology 
of the pancreatic islet B cell via genetic engineering and gene trans- 
fer experiments, paying particular attention to mechanisms of fuel- 
stimulated insulin secretion. We will begin with a brief general 
overview of gene transfer methods that are applicable to the study 
of islet B cells, and will close the chapter by discussing the poten- 
tial use of genetically engineered cells for insulin replacement in 
diabetes. 


OVERVIEW OF GENE TRANSFER METHODS 


Strategies for introduction of foreign DNA into animal cells have 
evolved rapidly in the past two decades, such that today’s scientist 
is confronted with a sometimes bewildering array of options. In our 
discussion of the application of gene transfer methods to B-cell re- 
search, three general approaches will be highlighted. The first is the 
use of physical or chemical methods to achieve alterations in the 
properties of cell membranes or of the DNA molecules to be trans- 
ferred that allow DNA to penetrate an otherwise impermeable bar- 
rier. Examples of physicochemical transfection strategies include 


(1) Ca PO, or DEAE-dextran-mediated transfer, in which thes 

carriers form a complex with the DNA that results in efficient er 

docytosis and deposition of the DNA in the nucleus; (2) electropc 

ration, or the application of brief high-voltage electric pulses t 

cells to create transient pores in the cel] membrane that allow entr 

of DNA; and (3) lipid-mediated transfection in which liposomes o 

cationic lipids are mixed with DNA and assist in entry of DNA int: 

the cell by fusion of the lipid complex with the cell membrane. I 

the field of islet B-cell biology, physical gene transfer method 

have been used for transient transfection studies of isolated islets o 
B-cell lines. Since the efficiency of these methods is generally low 
they have been used mainly for evaluation of promoter function 
which requires introduction of genetic material into only a smal 
subset of cells in a population. However, physical gene transfe: 
methods can also be used for stable transfection, provided that the 
DNA to be transferred includes a selectable marker and the cel 
type under study is capable of sustained growth. By using vectors 
that contain different antibiotic resistance markers. or by use of sin- 
gle vectors containing multiple genes, it is possible to express mul- 
tiple transgenes in a given cell. Stable transfection has become an 
important tool for working with B-cell lines, leading in several in- 
stances to creation of new lines with enhanced properties, as de- 
scribed later in this chapter. 

The second strategy that will be considered is the creation of 
transgenic animals. This approach involves microinjection of DNA 
into the fertilized eggs of animals, usually mice, resulting in inte- 
gration into the germline DNA. Once integrated, the new gene is 
replicated along with the chromosomal DNA, allowing for the dis- 
semination of new genetic information in tissues of intact animals. 
More recently, a variant of this method has emerged, in which em- 
bryonic stem cells are transfected with DNA homologous to a 
chromosomal gene. The transfected DNA integrates into the 
genome by homologous recombination. This approach can be used 
for disrupting the chromosomal gene in cases in which the trans- 
fected DNA contains an insertion or mutation, or can be used to in- 
troduce a variant functional sequence. These methods for genetic 
manipulation represent powerful tools for modulating the expres- 
sion of particular genes and assessing impact at the level of whole- 
organ function and whole-animal fuel homeostasis. In recent years, 
many examples of specific targeting of transgenes to the pancreatic 
islet B cell via constructs in which the insulin promoter is used to 
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direct gene expression have come to the fore, and several of these 
will be highlighted below. 

The last approach to be discussed is the use of viral vectors. It 
has been appreciated for some time that viruses exist by virtue of 
their capacity to transfer genetic information into host cells. With 
the advent of recombinant DNA technology, this property of 
viruses has been exploited in the creation of a wide variety of gene 
transfer vectors. Much effort has been focused on vectors derived 
from retroviruses, particularly murine leukemia virus (MuLV), and 
a variety of packaging systems for propagation of recombinant 
retroviruses have been developed.” RNA viruses are generally ca- 
pable of reverse transcribing their genome to proviral DNA, which 
must be integrated into genomic DNA of mammalian cells in order 
to be expressed. This feature of retroviruses ensures permanent 
transfer of genetic information to target cells, but only under condi- 
tions in which cells are able to grow, since integration of the viral 
genome requires the presence of cellular factors that are only pres- 
ent during periods of DNA replication.? Because pancreatic islets 
do not replicate efficiently in vitro, the MuLV class of retroviruses 
has had very limited application for gene transfer studies in B cells, 
except in cases in which islet growth is stimulated by culture in the 
presence of specific cell matrix components or growth factors.* 

More recently, exciting new vector systems based on 
lentiviruses, an alternate class of retroviruses that includes human 
immunodeficiency virus (HIV), have been developed.’ Of particu- 
lar importance is the fact that lentiviruses express two genes (MA 
and Vpr) that facilitate transport of viral DNA into the nucleus of 
nondividing cells, allowing viral integration in the absence of cell 
proliferation. A three-plasmid system for preparing recombinant 
lentiviruses has been developed, consisting of a modified HIV 
provirus packaging construct that contains defective genes for en- 
velope proteins, a separate plasmid containing genes encoding 
MLV or VSV G envelope proteins, and a third plasmid known as a 
transducing vector that contains cis-acting sequences of HIV re- 
quired for packaging, reverse transcription, and integration, as well 
as a cloning cassette for insertion of foreign genes.? These vectors 
hold promise for stable gene transfer into cultured cells with low 
replicative activity, and several reports of lentivirus-mediated gene 
transfer to cultured pancreatic islets have appeared recently.” 
While the use of the three-plasmid system and simian rather than 
human immunodeficiency virus sequences reduces concerns about 
safety with these vectors, there is still the potential for generation 
of replication-competent viruses via recombination with wild-type 
HIV. Recently, safer vectors have been described, in which just 
22% of the HIV genome is included, involving none of the patho- 
genic sequences.*? 

Given the limitations of RNA virus vectors, increasing atten- 
tion has been paid to DNA viruses for gene transfer studies, in par- 
ticular herpes simplex virus (HSV), adeno-associated virus (AAV), 
and adenovirus. HSV has a very large genome, and can accommo- 
date more than 20 kb of insert DNA. However, this vector is largely 
used for gene transfer to cells of the nervous system, since natural 
infection by HSV involves invasion of neurons or sensory ganglia 
and establishment of a state of latency in those cell types.'° 

Recombinant adenovirus has a number of attractive features 
for metabolic applications. So-called first-generation adenovirus 
vectors are usually derived from human serotypes 2 or 5, and con- 
tain deletions in the E1A region, which controls expression of 
other early viral genes and is required for viral replication.'’'? 
Deletion of just the ELA region allows insert sizes of up to 4.8 kb, 
but larger inserts can be accommodated by deletion of the 


nonessential E3 gene. Adenoviruses can be used to transduce a 
wide range of mammalian cells, including liver cells, islets of 
Langerhans, muscle cells, and cells of the central nervous system, 
independent of cell growth or replication. They can also be grown 
at remarkably high titers (in excess of 10'* plaque-forming 
units/mL) with minimal effort. Adenoviral vectors are the most ef- 
ficient of all the viral vectors, with near 100% gene transfer com- 
monly observed in cultured cells. Such high efficiency of gene 
transfer has been documented for several B-cell lines.'*'4 Further- 
more, as shown in Fig. 14-1, exposure of isolated rat islets to re- 
combinant adenoviruses for short time periods (1-2 hours) allows 
transfer of genes to between 70% and 80% of islet cells." Impor- 
tantly, insulin secretion is not affected by treatment of islets or in- 
sulin-secreting cell lines with recombinant adenoviruses contain- 
ing irrelevant control genes (e.g., B-galactosidase). Finally, first 
generation recombinant adenoviruses are easily constructed, and 
new recombinant viruses can usually be produced in a time frame 
of 3-6 weeks. Readers interested in detailed methods for preparing 
first generation adenovirus vectors are referred to reference 16. 

While recombinant adenovirus is clearly an excellent tool for 
high efficiency gene delivery to isolated islets and B-cell lines, it is 
not useful for gene transfer to islets in living animals. Systemic 
infusion of adenoviral vectors results in highly efficient and pref- 
erential gene transfer to liver.'?-?! The preferential targeting of 
adenovirus-transferred genes to liver is probably explained by the 
sinusoidal vasculature of that organ, which allows direct contact of 
viral particles with hepatocytes, whereas transfer is limited in other 
tissues by vascular barriers. The pancreatic islets are perifused by 
an intense network of arterioles and venules, which contain small 
pores or fenestrations with a diameter of approximately 40 nm.” 
Unfortunately, the adenovirus particle has a diameter of approxi- 
mately 100 nm, making it too large to pass through the pores of the 
islet vasculature, even when animals are treated with dilating 
agents such as mannitol or histamine.” 

One potential alternative to adenovirus for in vivo delivery of 
genes to pancreatic islets is AAV, which is about one-tenth as large 
as adenovirus. AAV is also intriguing because it is known to inte- 
grate effectively into genomic DNA.”* Unfortunately, AAV vectors 
that are currently available are limited to DNA inserts of 4.8 kb or 
less in size.” Furthermore, growth of AAV requires the presence of 
wild-type adenovirus (which must subsequently be removed from 
the viral preparation) or the use of packaging cell lines. This means 
that obtaining AAV stocks of high titer is both laborious and diffi- 
cult. For all of these reasons, application of AAV to metabolic re- 
search in general and islet biology in particular has thus far been 
limited. 

While lentiviral and adenoviral vectors are superb new tools 
for high efficiency gene delivery to isolated islets and B-cell lines, 
the only method available today for delivery of genes to the islets 
of intact animals is microinjection of constructs into fertilized 
eggs, primarily of mice. Thus an important goal for the field is the 
continued development of modified adenoviral, lentiviral, and AAV 
vectors, or other nonviral methods of gene transfer such as pep- 
tide/DNA conjugate approaches, for delivery of genes to the pan- 
creatic islets in vivo. Development of such methods will be highly 
useful for studies of islet function in animal models other than 
mice, including disease models such as the Zucker diabetic fatty 
(ZDF) rat. The small size of the AAV viral particle relative to either 
HSV or adenovirus makes this vector potentially attractive for gene 
delivery to the pancreatic islets of Langerhans in vivo, and further 
work on this system is certainly warranted. Encouragement in this 
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FIGURE 14-1. Recombinant adenovirus is an efficient tool for gene transler into cultured rat islets of Langerhans, 
A. Rat islet 4 days after weatment with a recombinant adenovirus encoding the B-galactosidase gene (AdCMV- 
BGAL) and treatment with chromogenic substrate to visualize cells expressing the enzyme. B. A similarly treated 
islet 21 days after AACMV-BGAL treatment. C. Multicell aggregate prepared by trypsin-mediated dispersal of 
intact AGCMV-BGAL-teated islets to allow quantification of gene transfer efficiency (estimated at 70% of cells 
in this study), D. Control islet not exposed to AGCMV-BGAL and incubated with chromogenic substrate. (Data 
are used, with permission, from Becker, et al.) 


area comes from a recent article demonstrating efficient AAV- 
mediated gene transfer to cultured murine islets.” 


INSIGHTS INTO MECHANISMS OF FUEL- 
STIMULATED INSULIN SECRETION GAINED 
FROM GENE TRANSFER STUDIES 


General Mechanisms of Fuel-Stimulated 
Insulin Secretion 


Pancreatic islet B cells secrete insulin in response to monomeric 
fuels such as glucose or fatty acids rather than large polymeric 
macromolecules such as glycogen or triglycerides. Important 
nutrient fuels include monosaccharides such as glucose; several 
L-amino acids such as glutamine, alanine, or leucine; long-chain 
fatty acids such as palmitate or oleate; or ketone bodies such as B- 
hydroxybutyrate or acetoacetate. 


There is strong evidence in support of the view that nutrient 
stimulation of insulin secretion requires catabolism of the fuel in 
question. This is in contrast to the classical mechanism of signal 
transduction involving recognition of the structure of a stimulant or 
ligand by a specific receptor, and interaction of the occupied recep- 
tor with other molecules to produce second messengers. In the islet 
B cell, intermediary metabolism integrates the input from multiple 
fuel molecules to generate specific intermediates known as cou- 
pling factors, that link fuel metabolism with hormone secretion. 
These metabolic signaling systems can interact with classical lig- 
and/receptor pathways. For example, glucose-stimulated insulin 
secretion is potentiated by glucagon-like peptide-1, which binds to 
a receptor related to the glucagon receptor, and by neurotransmit- 
ters such as acetylcholine, which transduce their signals via mus- 
carinic receptors.”” Interestingly, these receptor-mediated signaling 
ligands are ineffective as insulin secretagogues in the absence of a 
significant threshold of glucose metabolism. 
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FIGURE 14-2. Schematic summary of basic model of the biochemical mechanism of glucose-stimulated insulin 
secretion. Insulin secretion is coupled to glucose metabolism in islet B cells. Proposed coupling factors include a 
rise in the ATP:ADP ratio, with ATP being produced in the distal portion of glycolysis,(1) via NADH shuttles,(2) 
or via pyruvate oxidation.(3) The potential linkage of glucose and lipid metabolism in regulation of insulin re- 


lease is also shown. 


Among fuel secretagogues, glucose stands out because it is the 
only one that can stimulate insulin secretion independent of other 
fuels. In fact, al] of the other nutrients mentioned require the pres- 
ence of physiological glucose levels to be effective. It is therefore 
not surprising that glucose is the most well-studied B-cell secreta- 
gogue. Based on this work, a basic model of the mechanism by 
which glucose stimulates insulin secretion has evolved, and is 
shown in Fig. 14-2, although significant questions and areas of dis- 
agreement remain to be resolved. 

The consensus basic model of the mechanism of glucose- 
stimulated insulin secretion (GSIS) links glucose metabolism to in- 
sulin secretion via modulation in ATP and ADP levels (see Chap. 
4). The capacity of glucose to stimulate insulin secretion is directly 
linked to its transport into B cells and further metabolism to gener- 
ate coupling factors. Entry of glucose into the B cell is achieved by 
facilitated glucose transporters known collectively as the GLUTs.”* 
GLUT-2 has a higher K,, for glucose and capacity for glucose 
transport than other members of the family, and is the isoform that 


is primarily expressed in rodent islets.7°°° Human islets also ex- 
press GLUT-2, but at lower levels than rodent islets, and when iso- 
lated from cadaveric pancreata, they also express significant levels 
of the low-K,, glucose transporters GLUT-1 and GLUT-3."!"? 
Upon entry of glucose into 8 cells, the sugar is phosphorylated to 
glucose-6-phosphate (G6P) by glucokinase, also known as hexoki- 
nase IV, which contributes more than 90% of the glucose 
phosphorylating capacity in this cell type.” Like GLUT-2, gluco- 
kinase is a member of a gene family (the hexokinases), and differs 
from other members in several functional aspects. Glucokinase has 
an So.s for glucose of about 8 mM, sigmoidal substrate dependency 
(indicated by a Hill coefficient of 1.7), and unlike hexokinases I 
and II, is not allosterically inhibited by the product of its reaction, 
GoP.** Thus, B cells are equipped with specialized proteins that 
mediate glucose transport and phosphorylation, and both proteins 
have kinetic features that allow them to regulate glucose metabo- 
lism in response to changes in the external glucose concentration.’ 
Important new insights into the relative roles of glucose trans- 
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porters and glucose phosphorylating enzymes in regulation of gly- 
colytic flux and GSIS have come from gene transfer experiments, 
as summarized below. 

At physiological glucose concentrations, most of the G6P pro- 
duced by the glucokinase reaction in B cells flows efficiently into 
glycolysis, with little storage in the form of glycogen or entry into 
the pentose monophosphate shunt.” An important coupling factor 
produced by glucose metabolism in the B cell is ATP, by one of 
three different pathways. First, a large fraction of the NADH pro- 
duced in the glyceraldehyde phosphate dehydrogenase reaction can 
be transferred to the mitochondria for entry into the electron trans- 
port chain via the a-glycero-P and aspartate/malate shuttles. In 
keeping with this idea, the activity level of the mitochondrial 
glycero-P dehydrogenase is higher in islets than in any other cell 
type in which it has been measured.” Second, ATP is generated in 
the phosphoglycerokinase and pyruvate kinase reactions of glycoly- 
sis. Finally, ATP can be produced in mitochondria from oxidation of 
pyruvate. Only a small fraction of pyruvate is reduced to lactate in B 
cells, due to relatively low levels of lactate dehydrogenase.” 

As glucose levels rise and metabolism increases, there is a con- 
comitant increase in the ATP:ADP ratio within B cells that signals 
that glucose is abundant. The increased ATP:ADP ratio stimulates 
insulin secretion in part by regulation of the conductance of ade- 
nine nucleotide-sensitive K* channels (Karp channels), with ATP 
serving as an inhibitor and ADP as an activator of the channel. 
Thus, as the ATP:ADP ratio is increased, the open state probability 
of these channels is decreased and the plasma membrane of the B 
cell becomes depolarized. Membrane depolarization opens voltage- 
sensitive Ca?* channels, causing the cytosolic Ca?* level to rise.” 

However, insulin secretion also seems to be regulated in a Karp 
channel-independent fashion. This became clear from experiments 
of Henquin and coworkers, who incubated islets with diazoxide and 
30 mmol K* to render Karp channels insensitive to regulation by 
cellular ATP.“ Under these conditions, glucose was still capable of 
stimulating insulin secretion, albeit not as effectively as in islets with 
normally-functioning channels. One interpretation of these results is 
that ATP is required for exocytosis of insulin-containing secretory 
granules, possibly at the level of providing energy for the movement 
of granules to the cell surface and fusion with the plasma membrane. 

An intriguing and important issue that has emerged in the field 
of B-cell biology in recent years is the relevance of the interplay 
between glucose and lipid metabolism in regulation of insulin se- 
cretion. The long-chain acyl CoA (LC-CoA) hypothesis of stimulus- 
secretion coupling holds that part of the signal for insulin secretion 
that is generated by glucose catabolism is the production of cytoso- 
lic malonyl CoA, which is derived from citrate produced in the 
TCA cycle.** Malonyl CoA, in addition to being the proximal pre- 
cursor of fatty acid biosynthesis, is an important regulatory mole- 
cule, in that increases in its levels cause inhibition of the mitochon- 
drial enzyme carnitine palmitoyl transferase I (CPT I), which 
regulates entry of long-chain acyl CoAs into the mitochondria for 
oxidation.** Thus, increases in malonyl CoA secondary to in- 
creased glucose metabolism cause diversion of LC-CoA from oxi- 
dation to esterification pathways, and it has been proposed that in- 
creases in the levels of cytosolic LC-CoA esters are a key signal in 
GSIS.” Feasible sites at which increased LC-CoA could influence 
insulin secretion include conversion to bioactive metabolites such 
as diacylglycerol or inositol trisphosphate (IP3),"’ contribution to 
plasma membrane or secretory granule membrane lipid turnover, 
or direct acylation of proteins involved in secretory granule traf- 
ficking. 
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Biochemical events that mediate insulin secretion distal to th 
glucose-induced increases in the phosphate potential and intrace] 
lular Ca** are not well understood. Potentially relevant is the acti 
vation of two types of protein kinases, protein kinase C (PKC) an: 
Ca?* -calmodulin dependent protein kinase (PKCaCM), during ex 
posure of islets to stimulatory glucose. While it has been specu 
lated that the role of PKCaCM or other Ca?°*-calmodulin-regulate: 
kinases such as myosin light chain kinase may be to phosphorylat 
cytoskeletal or secretory granule proteins, thereby causing move 
ment of granules within cells and exocytosis, definitive evidenc: 
for such a process is lacking. 

Studies of synaptic vesicle exocytosis from nerve terminal 
may provide important insights into potential direct actions o 
Ca** and ATP on insulin granule exocytosis. Neurotransmitter re 
lease from synaptic vesicles involves a cascade of protein-proteil 
interactions that mediate movement of the vesicles to the presynap 
tic plasma membrane, followed by docking, priming, fusion/exo 
cytosis, and endocytosis of the vesicle.“ The proteins involved i1 
these processes are well characterized, and several are regulated by 
Ca’* in either direct or indirect ways. Some of the proteins in 
volved in synaptic vesicle exocytosis and neurotransmitter release 
have also been identified in insulin-producing cells in the pancre- 
atic islets, including SNAP-25, vesicle-associated protein-2 
(VAMP-2), and syntaxins 1A, 4, and 5.*”°° Others such as synapto- 
brevin have been localized in a small subset of islet endocrine cells 
While it is likely that a subset of the proteins and factors involvec 
in synaptic vesicle exocytosis will also be involved in regulation o1 
insulin secretion, much more work will be required to fully eluci- 
date the specific differences and similarities between the two sys- 
tems, including islet gene transfer experiments. 

To summarize the basic model, increases in circulating glucose 
concentration are “sensed” by the B cell via a proportional increase 
in glycolytic rate. Both GLUT-2 and glucokinase participate in 
translation of changes in glucose concentration to modification in 
insulin secretion via regulation of entry of glucose into glycolysis, 
with a dominant role being played by glucokinase, as discussed 
below. The activation of glycolysis increases the ATP:ADP ratio by 
generation of ATP at three sites: (1) the distal portion of glycolysis, 
(2) shuttling of reducing equivalents into the mitochondria and ac- 
tivation of the electron transport chain and oxidative phosphoryla- 
tion, and (3) glucose oxidation. The increase in ATP:ADP ratio 
causes inhibition of Karp channels, resulting in membrane depolar- 
ization and Ca?* influx. The rise in intracellular Ca?* triggers in- 
sulin secretion by one or some combination of the mechanisms dis- 
cussed above, or possibly by as yet undiscovered pathways. A 
fascinating aspect of the glucose signaling pathway is that it can be 
potentiated by several metabolic fuels, but these potentiating fac- 
tors are unable to elicit a response in the absence of a minimal level 
of glucose. This suggests that fuels such as fatty acids, ketone bod- 
ies, or amino acids are unable to achieve a threshold of metaboli- 
cally derived second messengers sufficient to stimulate insulin re- 
lease. 

Within this framework lie a number of fundamental and unan- 
swered questions. First, among the several ways that ATP can be 
generated during active glucose metabolism, is any one more im- 
portant or relevant than another? Second, is ATP produced as a re- 
sult of glucose metabolism the only metabolic coupling signal, or 
are other events required? Third, what is the overall contribution of 
the Karp channel-independent pathway of insulin secretion, and 
how do specific metabolic fuels regulate this pathway? Finally, in 
addition to regulating insulin secretion in an acute fashion, glucose 
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also increases insulin gene expression and biosynthesis of the hor- 
mone. The effects of glucose on insulin synthesis, like those on se- 
cretion, appear to be mediated by glucose metabolism, but a num- 
ber of lines of evidence suggest that the coupling factors may be 
different for the two effects. Thus the effects of glucose on insulin 
secretion are measured on a time scale of seconds, while glucose 
activation of insulin biosynthesis requires minutes to hours. Also, 
the threshold glucose concentration required for activation of in- 
sulin biosynthesis in islet B cells is considerably lower than that re- 
quired for stimulation of insulin secretion.>! 

In short, while regulation of insulin secretion has been studied 
intensively for decades using biochemical and physiological tools, 
operative mechanisms are not yet fully understood. Recently, how- 
ever, genetic engineering of islet cells has led to important new in- 
sights in this area. Key experiments of this type will now be re- 
viewed. 


Regulatory Roles of Glucose Transport and 
Phosphorylation in 8 Cells 


A large number of gene transfer experiments have focused on the 
roles of GLUT-2 and glucokinase in regulation of GSIS. Interest in 
these molecules has been stimulated by the fact that their expres- 
sion is impaired in diabetes.**°* In humans, the important role of 
glucokinase in glucose sensing has been highlighted by the discov- 
ery that a subset of patients with maturity onset diabetes of the 
young (MODY) are heterozygous for mutations in the glucokinase 
gene.” These mutations render the enzyme less active, diminishing 
the glucose phosphorylating capacity of the 6 cells and elevating 
the threshold for insulin secretion. 

Important insights into the role of glucose phosphorylation in 
regulation of insulin secretion have been gained both from studies 
in transgenic animals and in experiments on cultured cells in vitro. 
Transgenic methods have been used to investigate the impact of re- 
duced expression of glucokinase in islets of animal models, with 
results that are generally consistent with findings in MODY pa- 
tients with glucokinase mutations. Expression of a glucokinase- 
specific ribozyme under control of the insulin promoter in trans- 
genic mice resulted in a 70% reduction in immunodetectable 
glucokinase protein and enzyme activity. Insulin secretion was 
impaired in these animals, with a reduction in total insulin release 
and an increase in the threshold concentration of glucose required 
for initiating the response. Unlike MODY patients, however, the 
transgenic mice were normoglycemic. Somewhat different results 
were obtained in animals heterozygous for knockout of the gluco- 
kinase gene. Animals with specific targeting of exon 1 of the islet 
isoform of the enzyme exhibited a 52% reduction in islet glucoki- 
nase activity, mild fasting hyperglycemia, and an abnormal re- 
sponse to a glucose challenge, despite normal hepatic glucokinase 
activity.” Transgenic mice heterozygous for disruption of a seg- 
ment of the glucokinase gene that affects gene expression in both 
the liver and islets of Langerhans had a 30-40% decrease in glu- 
cokinase activity in both tissues, significant reduction in GSIS, and 
mild hyperglycemia.**°’ Interestingly, animals homozygous for 
knockout of the glucokinase gene die prior to or shortly after 
birth.” Further, homozygous knockout of the B-cell isoform of 
glucokinase, with retention of normal hepatic expression of the en- 
zyme, is sufficient to cause the neonatal lethality.’ Also, in animals 
homozygous for knockout of both hepatic and B-cell glucokinase 
expression, restoration of B-cell glucokinase restores viability.°° 


The role of glucose phosphorylating enzymes in control of in- 
sulin secretion has also been studied by their overexpression in 
pancreatic islets and B-cell lines. A consistent observation from 
several laboratones is that overexpression of hexokinases with 
high affinity for glucose results in a left shift in the glucose de- 
pendence of insulin secretion and insulin gene expression. Thus, 
overexpression of hexokinase I in fetal islets results in a sharp re- 
duction in the concentration threshold for glucose activation of a 
cotransfected insulin promoter/chloramphenicol acetyl transferase 
(CAT) plasmid.” Similarly, overexpression of low-K,, yeast hex- 
okinase in B cells of transgenic mice results in a left-shifted glu- 
cose response and an increase in total insulin output.” Treatment 
of freshly isolated rat islets with a recombinant virus containing the 
hexokinase I cDNA resulted in a doubling of insulin secretion from 
islets perifused at a nonstimulatory glucose concentration (3 mM), 
consistent with a 2.5- to 4-fold increase in 5-°H glucose usage and 
lactate production at this glucose concentration relative to the con- 
trol groups.’ Finally, stable overexpression of hexokinase I in the 
MIN-6 insulinoma cell line resulted in a threefold enhancement of 
insulin secretion and glucose usage at low glucose levels.” 

Surprisingly, in contrast to the results obtained with overex- 
pression of low-K,, hexokinases, overexpression of glucokinase in 
isolated rat islets or INS-1 insulinoma cells resulted in a substantial 
increase in glycolytic flux at low but not high glucose concentra- 
tions.*”*' In contrast, overexpression of glucokinase in hepatoma 
cell lines,” isolated hepatocytes,” €? or primary human myocytes 
caused large increases in glycolytic flux and glycogen accumula- 
tion, even at glucose concentrations well above 5 mM. A detailed 
comparison of INS-1 cells and hepatocytes led to the conclusion 
that a fundamental difference between hepatocytes and islet B cells 
is the limited capacity of the latter to metabolize glycolytic inter- 
mediates beyond the glyceraldehyde-3-phosphate dehydrogenase 
step.” 

The foregoing studies may help to explain the finding that cul- 
ture of GK (+/—) islets at high glucose levels resulted in increased 
glucokinase expression and near normalization of impaired glucose- 
stimulated insulin secretion. Culture of GK (+/+) islets at high 
glucose concentrations also increased glucokinase expression, but 
in these islets the increased GK activity was accompanied by in- 
creased basal insulin secretion and a loss of the normal incremental 
response to stimulatory glucose. These findings correlate well with 
the increase in glucose metabolism at low but not high glucose 
concentrations observed in glucokinase-overexpressing INS-| 
cells.?9*! 

In contrast to the consistent experimental support for a critical 
role for the glucose phosphorylation step in regulation of B-cell 
glucose sensing, significant controversy exists with regard to the 
role played by the glucose transporter GLUT-2. To summarize 
briefly, the following observations have been made that are consis- 
tent with the hypothesis: 


1. GLUT-2 expression is reduced in concert with the loss of GSIS 
in a wide variety of rodent models of diabetes (reviewed in ref- 
erences 35 and 52). For example, in diabetes-prone male 
Zucker diabetic fatty (ZDF) rats, but not in diabetes-resistant 
female ZDF animals, B-cell GLUT-2 levels decline in inverse 
proportion to the severity of hyperglycemia. At onset of dia- 
betes, GLUT-2 is detectable in only 60% of the B-cells, and 
then continues to decline to undetectable levels. Similar 
observations have now been documented in the db/db mouse, 
the GK rat,” the dexamethasone-treated Wistar and Zucker 
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fatty female rat,’' and the streptozocin-treated rat.” 

2. GLUT-2 expression is lost in concert with loss of glucose- 
stimulated insulin secretion in islet transplantation experi- 
ments. Thus, transplantion of islets from normal animals into 
diabetic db/db mice or animals rendered diabetic by strepto- 
zocin injection results in loss of GLUT-2 protein expression 
and glucose responsiveness of the graft, while conversely, 
transplantation of GLUT-2 deficient islets from diabetic db/db 
mice into normal mice results in restoration of GLUT-2 ex- 
pression and glucose sensing." 

3. Reduced expression of GLUT-2 in B cells of transgenic ani- 
mals results in impaired glucose sensing.’*”* Thus, expression 
of the GLUT-2 cDNA in antisense configuration in islet B cells 
of transgenic mice under control of the insulin promoter re- 
sulted in an 80% depletion of islet GLUT-2 protein.” These 
transgenic animals exhibited an approximate twofold increase 
in basal glucose concentrations and a markedly impaired re- 
sponse to an intraperitoneal glucose tolerance test. Consistent 
with these observations, circulating insulin levels were de- 
creased by 32% in the transgenic animals, and GSIS from 
transgenic islets was also sharply impaired. More recently, ho- 
mologous recombination techniques have been used to gener- 
ate GLUT-2 knockout mice.’* GLUT-2 —/— animals are hy- 
perglycemic, hypoinsulinemic, and die at 3 weeks of age. 
Analysis of islets isolated from young animals prior to death 
reveals that the first phase of insulin secretion in response to 
glucose is abolished, while a modest second phase response re- 
mains.” Restoration of GLUT-2 expression by lentivirus trans- 
duction of cultured islets from GLUT-2 —/— mice restores the 
first phase of GSIS.’° Furthermore, expression of GLUT-2 
under control of the rat insulin promoter (RIP) restores normal 
viability and regulation of insulin secretion in GLUT-2 knock- 
out mice.” 

4. Stable expression of GLUT-2 in neuroendocrine or insulinoma 
cell lines confers GSIS in cells that are otherwise unresponsive 
to the sugar,'*’””* while GLUT-1, a transporter isoform with 
higher affinity but lower capacity for glucose uptake than GLUT- 
2 appears unable to confer responsiveness. ”® Interestingly, in the 
GLUT-2 —/— mice, GSIS was restored by transgenic expression 
of either GLUT-1 or GLUT-2.”° The reasons for the different re- 
sults obtained with GLUT-! expression in the transgenic animal 
versus cell line studies are not known, but could be related to the 
very high levels of GLUT-1 expression reported in the former. 


While the foregoing studies provide support for an important role 
for GLUT-2 in normal glucose sensing, other work argues that the 
transporter has little direct influence. Thus depletion of GLUT-2 as- 
sociated with overexpression of the H-ras oncogene,” in response to 
culturing of islets in vitro,” or as a result of hypoglycemic perfusion 
of the pancreas*! does not abrogate GSIS. In addition to these experi- 
mental findings, there is an important conceptual issue conceming a 
rate-determining role for GLUT-2 in glucose sensing, which is that 
glucose transport capacity has been reported to exceed the rate of gly- 
colytic flux in rodent B cells by as much as two orders of magnitude.** 

Another observation that seemingly reduces the probability of 
an important role for GLUT-2 is the finding that human islets ex- 
press lower levels of the protein than do rat islets, and that human B 
cells may express other transporter isoforms such as GLUT-1 and 
GLUT-3 in addition to GLUT-2.7™ Thus the ratio of GLUT-2 pro- 
tein and mRNA in liver and islets is reversed in rats versus humans 
(rats have higher GLUT-2 expression in islets than in liver, while 
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humans have less).?” Consistent with this finding, the rate of 3-( 
methy] glucose transport in human islets is only five times high 
than the rate of glycolysis, compared to 50-100 times higher in r 
dent islets.*' Furthermore, the rate of glucose metabolism in hum: 
islets increases by approximately 75% with a change in gluco 
from 5 to 10 mM, in concert with the increase in glucokinase acti 
ity, while glucose uptake increases by only 30%.*! Nevertheles 
the closer relationship of glucose transport capacity and glycolyt 
rate in human islets compared to rodent islets may suggest that tł 
former cells could be more susceptible to functional impairment . 
response to decreased GLUT-2 expression. Consistent with this, 
single patient with type 2 diabetes has been reported with a poi 
mutation in the GLUT-2 gene (V197L) that renders the expresse 
mutant protein unable to transport glucose. This finding sugges 
that reduced GLUT-2 expression may be sufficient to cause diz 
betes, although the contribution of reduced GLUT-2 expression i 
B cells relative to other sites of expression of the gene, such as live 
or gut, was not determined. 

Taken together, the studies performed to date on the role c 
GLUT-2 and glucokinase in regulation of GSIS are most consisten 
with a dominant regulatory role of the glucose phosphorylatioi 
step, but with an important permissive role played by the glucos: 
transporter. It appears that the functional attribute of GLUT-2 that i 
most important for its putative role in glucose sensing is its high ca 
pacity for glucose transport rather than its low affinity for the sugar 
Thus, as a high-capacity glucose transporter, GLUT-2 ensures tha 
the intracellular glucose concentration in the B cell closely mirror: 
that in the circulation. This function of GLUT-2 allows glucokinase 
to be the major determinant of the glycolytic rate in B cells in re- 
sponse to changes in the external glucose concentration. Factors 
that allow glucokinase to fulfill this role include its relatively low 
level of expression in B cells and its kinetic properties. 


Use of Genetic Engineering to Identify 
Stimulus/Secretion Coupling Factors 


There is wide agreement that glucose metabolism generates factors 
that couple the glucose stimulus to insulin secretion.****™ In spite 
of this consensus, the exact nature of these coupling factors re- 
mains unresolved. For example, there is conflicting information 
with regard to the relative importance of discrete pathway seg- 
ments involved in glucose metabolism. Thus some investigators 
have reported that inhibitors of glycolytic metabolism, but not en- 
zymes involved in the TCA cycle, abolish GSIS.*° In contrast, an- 
other line of research has shown that the TCA cycle intermediate 
methyl-succinate or succinate (the latter applied to permeabilized 
INS-1 cells) evokes insulin secretion.” Succinate is an anaplerotic 
substrate, and its addition to B cells causes both Ca* influx into 
mitochondria and hyperpolarization of the mitochondrial mem- 
brane. Thus the insulinotropic effect of succinate would appear to 
be independent of factors generated in the glycolytic pathway. Re- 
cently, it has been proposed that glutamate may be the specific cou- 
pling factor for insulin secretion derived from mitochondrial me- 
tabolism.*” Data supporting this idea included a measured increase 
in glutamate content in INS-1 cells exposed to stimulatory glucose 
and potentiation of GSIS by addition of dimethyl-glutamate to 
INS-1 cells or glutamate to permeabilized INS-1 cells. It was fur- 
ther proposed that glutamate acts directly on the exocytotic ma- 
chinery, based on experiments in which inhibitors of vesicular glu- 
tamate transporters inhibited insulin secretion. However, another 
recent paper presents evidence of GSIS independent of changes in 
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FIGURE 14-3. Engineering of glycerol-stimulated insulin secretion from perifused rat islets. Freshly isolated rat 
islets were treated with recombinant adenoviruses containing genes encoding glycerol kinase (AdCMV-GlpK) or, 
as a control, B-galactosidase (AdCMV-BGAL), and perifusion studies were conducted 48 hours after viral treat- 
ment. Islets were perifused at a flow rate of 0.8 mL/min and fractions were collected at I-minute intervals for 
measurement of insulin secretion. The perifusate additions are noted at the bottom of the figure. Note that only 
AdCMV-GIpK-treated islets increased insulin secretion in response to the addition of 5 mM glycerol to the basal 
perifusate (containing | mM glucose), while both groups of islets responded to the combination of 5 mM glycerol 
and 20 mM glucose. Data represent the mean + SEM for three independent groups of islets per viral treatment. 


(Data used, with permission, from Noel, et al!) 


glutamate concentration, leaving open the question of the relevance 
of this intermediate.” 

Genetic engineering experiments are helping to resolve the 
confusion caused by the seemingly conflicting data just summa- 
rized. One approach is to compare the metabolic fates of glucose 
with those of other simple carbohydrates in order to identify those 
metabolic intermediates that are truly important in regulation of in- 
sulin secretion. For example, the triose glycerol is not normally an 
insulin secretagogue, due to the absence of the first enzyme of its 
metabolism in the B cell, glycerol kinase. However, as illustrated in 
Fig. 14-3, adenovirus-mediated expression of glycerol kinase al- 
lows INS-1 cells or isolated islets to metabolize glycerol effec- 
tively and to respond to glucose as an insulin secretagogue.'* Com- 
parison of the metabolic fates of glycerol and glucose in glycerol 
kinase—expressing cells revealed that glucose was oxidized more 

ifectively than glycerol, such that the amount of glycerol oxi- 
bird at its maximally stimulatory concentration for insulin se- 
glu gp was similar to that of glucose at a nonstimulatory con- 
‘on (3 mM) of the hexose (Fig. 14-4A). Instead, glycerol 
zyme, 1S f ‘ 

homozygous effectively to lactate (Fig. 14-4B). These data sug- 
f tion of carbohydrate secretagogues via pyruvate 

expression, res: : A : 
‘atalyzed entry into the TCA cycle is not required 


for GSIS, and instead directs attention towards reducing equivalent 
shuttles, the distal portions of glycolysis, or other metabolic path- 
ways. 

Other experiments of this type have been conducted to probe 
the “pyruvate paradox” of B-cell signaling, which refers to the lack 
of effect of pyruvate as an insulin secretagogue when applied to 
pancreatic islets, despite its ability to be oxidized by such cells. 
This has been investigated by overexpression of the monocar- 
boxylic acid transporter (MCT), which is responsible for transport 
of lactate and pyruvate across the plasma membrane, and the en- 
zyme lactate dehydrogenase (LDH) in INS-1 cells and isolated rat 
islets.**-?' In one study, overexpression of LDH in INS-1 cells had 
no effect on GSIS, but did confer insulin secretion in response to 
lactate, while MCT expression had no effect on either variable.” 
The same investigators found that MCT overexpression in isolated 
islets conferred pyruvate-stimulated insulin secretion, whereas lac- 
tate-stimulated insulin secretion required co-overexpression of 
MCT and LDH. The ability of lactate and pyruvate to stimulate in- 
sulin secretion was correlated with their rates of oxidation in the 
two cell preparations, but was also linked to reducing equivalent 
shuttles, since aminooxyacetate (AOA) blocked glucose- or lactate- 
induced insulin secretion in LDH + MCT-overexpressing INS-] 
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FIGURE 14-4. Comparison of the metabolic fates of glucose and glycerol in INS-1 cells engineered for glycerol 
kinase expression. A. Oxidation of varying concentrations of U-'"C glycerol (left) and U-""C glucose (right) by 
INS-1 cells treated with a recombinant adenovirus containing the glycerol kinase gene (AdCMV-GIpK). Data are 
expressed as total nmol CO: produced/mg protein/h for each substrate. Note that CO. production at concentra- 
tions of glycerol that are maximally stimulatory for insulin secretion (2-5 mM) are similar to the CO, produced 
at a concentration of glucose that is nonstimulatory for insulin secretion (3 mM). B. Lacate produced at varying 
concentrations of glycerol (left) and glucose (right) from the same AACMV-GIpK-treated INS-1 cells studied in 
part A. Note that more glycerol is converted to lactate than glucose. the inverse of the oxidation data. For both 
panels, data represent the mean = SEM of three independent groups of experiments, each performed in triplicate. 
(Data used, with permission, from Noel, eval.'") 


206 DIABETES MELLITUS 


cells. In contrast to these findings, another group reported that sta- 
ble expression of LDH in an alternative insulinoma cell line, MIN- 
6, resulted in significant impairment of GSIS.*°"! The authors sug- 
gested that the LDH-catalyzed conversion of lactate to pyruvate 
consumes NAD“, which is required in the glycolytic reaction cat- 
alyzed by glyceraldehyde-3-phosphate dehydrogenase. Conse- 
quently, the glycolytic rate would be attenuated and the generation 
of coupling factors from glycolysis abrogated, inhibiting GSIS. 

To shed further light on these issues, transgenic mice have 
been generated that lack mitochondrial glycerol-3-phosphate dehy- 
drogenase,”” which is rate-limiting in the glycerol phosphate shut- 
tle. This shuttle, along with the malate-aspartate shuttle, transfers 
reducing equivalents in the form of NADH from the cytosol to the 
mitochondria. GSIS was found to be normal in mice lacking mito- 
chondrial glycerol-3-phosphate dehydrogenase activity. However, 
co-blockade of the malate-aspartate shuttle with AOA in the mice 
lacking glycerol-3-phosphate dehydrogenase abolished GSIS, 
whereas the drug had no effect on insulin secretion in normal mice. 
Based on these data, the authors proposed a model in which NADH 
both from the cytosol, generated by glycolysis, and from the mito- 
chondrion, derived from the TCA cycle, is required for normal 
stimulus-secretion coupling in B cells. However, a paradoxical 
finding is that both glucose usage and U-'*C-glucose oxidation 
were unaffected by blockade of the two shuttles, despite an antici- 
pated deficiency in regeneration of NAD for glycolysis. 

Taken together, the foregoing studies suggest that oxidation of 
glucose in the TCA cycle is not the critical event in glucose sens- 
ing, since glycerol was a potent secretagogue despite its poor effi- 
ciency of oxidation, while glucose failed to stimulate insulin secre- 
tion in islets with blockade of shuttle activity, despite normal 
oxidation of U-'4C glucose. These experiments, coupled with the 
fact that pyruvate and lactate are effective secretagogues when they 
are transported and metabolized effectively (e.g., when sufficient 
MCT and LDH are present), instead suggest that signaling is most 
closely coupled to redox state or to a mitochondrial pathway other 
than pyruvate dehydrogenase-catalyzed entry of carbon into the 
TCA cycle. Further studies will be required to gain full understand- 
ing of these points. 


Manipulation of the Link Between Metabolism 
of Glucose and Lipids in B Cells 


As reviewed above, glucose is a primary regulator of insulin secre- 
tion, but the B cell also serves as a more general thermostat for fuel 
metabolism. Indeed, secretion of insulin is stimulated not only by 
glucose but also by free fatty acids (FFA) and amino acids. This 
raises the possibility that some coupling factors that regulate in- 
sulin secretion may be common to multiple metabolic pathways. 
For more than a decade, malonyl CoA has been considered as a po- 
tential example of a coupling factor that integrates metabolic path- 
ways for stimulation of insulin secretion.” The proposed regula- 
tory role of malonyl CoA originated from the observation that this 
intermediate rises rapidly in response to stimulatory glucose in 
HIT-T15 and INS-1 insulinoma cells and in isolated rodent islets.” 
The glucose-induced rise in malonyl CoA coincides with inhibition 
of fatty acid oxidation and precedes the initiation of insulin secre- 
tion. Malonyl CoA is a known allosteric inhibitor of carnitine 
palmitoyl transferase I (CPT I), the enzyme that transports long- 
chain acyl CoA (LC-CoA) into the mitochondrion for subsequent 
B-oxidation.“© The LC-CoA/malonyl CoA hypothesis also holds 


that LC-CoA accumulates in the cytosol as a consequence of mal- 
ony! CoA-mediated inhibition of CPT I, and that the rise in LC- 
CoA promotes exocytosis of insulin-containing secretory granules. 

A number of observations support this model. For instance, in 
the perifused rat pancreas, abrogation of the link between glucose 
and malonyl CoA formation by administration of hydroxycitrate, 
an inhibitor of citrate lyase, causes an increase in fatty acid oxida- 
tion and inhibition of GSIS.” Conversely, suppression of fatty acid 
oxidation with inhibitors of CPT I, such as etomoxir, enhances 
GSIS. These findings seemingly support a role for malonyl CoA 
and cytosolic LC-CoA in B-cell stimulus-secretion coupling, but 
they can also be interpreted differently. Thus, the glucose-induced 
tise in malonyl CoA is correlated with, but not necessarily causal 
for, insulin secretion, hydroxycitrate is a potentially toxic com- 
pound with pleiotropic effects, and CPT I inhibitors are modified 
fatty acids; fatty acids are known potentiators of GSIS. 

Genetic engineering experiments have been devised to test the 
LC-CoA/malonyl CoA model. In one such study, a recombinant 
adenovirus was used to overexpress the goose isoform of malonyl] 
CoA decarboxylase in INS-1 cells.” This maneuver si gnificantly at- 
tenuated the glucose-induced rise in malonyl CoA and partially re- 
versed glucose-induced inhibition of fatty acid oxidation. The re- 
duction in malonyl CoA levels also impaired the incorporation of 
glucose and palmitate into cellular lipids. However, despite this per- 
turbation of the link between metabolism of glucose and lipids, 
GSIS was unaffected. Moreover, addition of an inhibitor of LC-CoA 
synthetase, triacsin C, to INS-1 cells or intact rat islets impaired glu- 
cose incorporation into total cellular lipids and lowered total cellular 
LC-CoA levels by 50%, but with no effect on GSIS. Finally, in INS- 
1 cells engineered for glycerol-stimulated insulin secretion by ex- 
pression of glycerol kinase, incubation of the cells with triacsin C 
blocked glycerol incorporation into cellular lipids, but did not im- 
pair insulin secretion.'* 

While the foregoing study seems to argue against the LC-CoA 
model of GSIS, it has been criticized at several levels.°°*’ Con- 
cers raised include: (1) The INS-1! cell line used for the work ex- 
hibited only a two- to fourfold stimulation of insulin secretion as 
glucose was raised from 3 to 15 mM, as opposed to freshly isolated 
rat islets, which can exhibit a 10- to 15-fold response; (2) It is un- 
clear if the Karp channel-independent pathway of GSIS is opera- 
tive in INS-1 cells. This pathway has been implicated as the site at 
which lipids regulate insulin granule exocytosis; ””® (3) The goose 
malonyl CoA decarboxylase (MCD) cDNA used earlier had its N- 
terminal mitochondrial targeting sequence deleted, but contained 
an intact C-terminal SKL peroxisomal targeting motif, raising the 
possibility that a significant fraction of the overexpressed enzyme 
failed to localize to the cytosol. 

These outstanding concerns have been addressed recently. One 
important advance has been the development of INS-1—derived cell 
lines (e.g., 832/13) with robust Kayp-channel—dependent and —in- 
dependent GSIS.” The INS-1 cell line was originally derived from 
radiation-induced rat insulinoma (RIN) cells,’ and has been pop- 
ular in the field because it secretes insulin in response to glucose 
concentrations in the physiological range. However, the magnitude 
of the response is far less than that seen in freshly isolated rat islets 
(two- to fourfold in INS-1 cells versus 10- to 15-fold in freshly iso- 
lated islets), and even the modest response found in early passage 
INS-1 cells seems to wane with time in tissue culture. To investi- 
gate whether this loss of responsiveness might be due to clonal het- 
erogeneity, parental INS-1 cells were transfected with a plasmid 
containing the human proinsulin gene, resulting in isolation of 
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more than 60 independent clones.” After antibiotic selection and 
clonal expansion, 67% of the clones were found to be poorly re- 
sponsive to glucose in terms of insulin secretion (= twofold stimu- 
lation by 15 mM compared to 3 mM glucose), 17% of the clones 
were moderately responsive (two- to fivefold stimulation), and 
16% were strongly responsive (5- to 13-fold stimulation). The dif- 
ferences in responsiveness among these three groups could not be 
ascribed to differences in insulin content.” More detailed study of 
one of the strongly responsive lines (832/13) revealed that its re- 
sponsiveness was stable for prolonged periods of continuous tissue 
culture, and that the cells exhibit half-maximal stimulation of in- 
sulin secretion at 6 mM glucose. Furthermore, insulin secretion 
was enhanced by known potentiators of islet insulin secretion such 
as IBMX, FFA, and glucagon-like peptide-1 (GLP-1). GSIS was 
also potentiated by the sulfonylurea tolbutamide, and abolished by 
diazoxide, demonstrating the operation of the ATP-sensitive K* - 
channel (Karp) in 832/13 cells. Moreover, when the Karp channel 
was bypassed by incubation of cells in depolarizing K* (35 mM), 
insulin secretion was more effectively stimulated by glucose in 
832/13 cells than in parental INS-1 cells or the glucose-unrespon- 
sive clones. 

In addition to the development of new INS-]-derived cell lines, 
the human MCD cDNA has been cloned,” and mutant forms of 
the cDNA lacking the mitochondrial and peroxisomal localization 
sequences have been inserted into adenovirus vectors.'°? With this 
cadre of improved reagents, the effect of MCD overexpression on 
GSIS has been reexamined, again with the finding of no impair- 
ment of robust GSIS in 832/13 cells, despite complete blockade of 
the glucose-induced rise in malonyl CoA level (Fig. 14-5A).!° 
Furthermore, combined treatment of 832/13 cells with an aden- 
ovirus containing the modified human MCD cDNA and triacsin C 
did not impair GSIS (Fig. 14-5B). Interestingly, these maneuvers 
also did not affect potentiation of GSIS by fatty acids. 

The LC-CoA model has also been investigated via modulation 
of the activity of acetyl CoA carboxylase (ACC), the enzyme that 
catalyzes malonyl CoA synthesis from acetyl CoA. In one ap- 
proach, expression of acetyl CoA carboxylase was lowered by sta- 
ble expression of an ACC-specific antisense construct in parental 
INS-1 cells.” The decrease in acetyl CoA carboxylase activity re- 
sulted in decreased malonyl CoA levels and a consequent increase 
in fatty acid oxidation. GSIS was inhibited over a range of glucose 
concentrations, as was insulin secretion elicited by other nutrients 
that require metabolism in B cells, e.g., leucine, glutamine, and ke- 
toisocaproic acid. In contrast, insulin secretion stimulated by KCl 
was not affected. These results seem to support the LC-CoA 
model but some caution in interpretation is warranted. A particu- 
lar concern is that chronic lowering of malonyl CoA levels could 
result in depletion of stored lipids. Depletion of B-cell lipids in 
nicotinamide-treated animals or humans'**'* or in hyperleptine- 
mic rats’ blocks insulin secretion in response to glucose and 
many other secretagogues. Interestingly, in both cases GSIS is im- 
mediately restored by provision of FFA. These findings clearly 
support an essential role for lipids in regulation of insulin secre- 
tion, possibly at the level of membrane lipid turnover or acylation 
of regulatory proteins. The latter possibility is also supported by re- 
cent studies in which insulin secretion was inhibited by addition of 
cerulenin, an inhibitor of protein acylation.” However, while a 
minimal pool of lipids may be essential for normal regulation of in- 
sulin secretion, the aforementioned studies with malonyl CoA de- 
carboxylase adenoviruses and triacsin C provide strong evidence 
that glucose sensing can occur in the absence of a rise in malonyl 
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CoA and despite acute perturbation of lipid metabolism. 

Further study will be required to fully understand the role of 
lipids in regulation of insulin secretion. From the foregoing experi- 
ments, it is clear, at least in highly glucose-responsive INS-I-de- 
rived cell lines, that perturbation of the normal link between glucose 
and lipid metabolism and complete blockade of glucose-induced in- 
creases in malonyl CoA accumulation have no impact on GSIS. 
However, it remains possible that an important signal is generated 
not from changes in the rate of fatty acid oxidation, but rather by 
flow of LC-CoA into esterification pathways, as has also been sug- 
gested by Prentki and associates.” This issue remains to be clari- 
fied, as does the mechanism by which fatty acids potentiate GSIS. 

One possible role for lipids in insulin secretion is their further 
metabolism to generate by-products with signaling properties. For 
example, it has been suggested that insulin secretion from pancre- 
atic islets may be mediated in part by activation of phospholipase C 
(PLC) and phosphoinositide hydrolysis.” In freshly isolated rat 
islets, there is a 15-fold increase in insulin secretion in response to 
elevated glucose, and this response typically occurs with a biphasic 
pattern. By contrast, mouse islets lack a sustained second phase of 
GSIS. It has been proposed that the absence of the second phase re- 
sponse in mouse islets is due to their relatively low capacity for 
PLC-mediated hydrolysis of phosphoinositides.'°* Indeed, mouse 
islets have reduced expression of the B and 8 isoforms of PLC, 
while the y1 isoform is expressed at a similar level as in rat islets. 

PLC-mediated hydrolysis of phosphoinositides would result in 
generation of inositol trisphosphate (IP) and diacylglycerol, which 
could link to insulin secretion via mobilization of intracellular Ca** 
stores and activation of protein kinase C, respectively. PLC isozyme 
expression has been characterized in normal rat islets and two in- 
sulinoma cell lines, INS-1 and BG 40/110.'° BG 40/110 is a glu- 
cose-responsive cell line derived from RIN 1046-38 insulinoma 
cells by stable transfection with plasmids encoding human insulin 
and glucokinase.''™!'' Rat islets contain abundant PLC 81 expres- 
sion, but both cell lines completely lack this isoform. In addition, 
both lines have similar or slightly reduced levels of expression of 
PLC B1, B2, B3, 82, and y as found in fresh rat islets. In an attempt 
to determine whether increases in inositol phosphate (IP) levels en- 
hance insulin secretion, PLC 81. B1, or B3 were overexpressed in 
INS-! or BG 40/110 cells using recombinant adenoviruses.” In 
these cell lines, overexpression of PLC isoforms resulted in little or 
no enhancement in IP accumulation and no improvement in insulin 
secretion in response to glucose or carbachol, despite the fact that 
the overexpressed proteins were fully active in cell extracts. Overex- 
pression of the B1 or B3 isoforms in normal rat islets elicited a larger 
increase in IP accumulation, but again with no effect on insulin se- 
cretion. Since the effect of carbachol on insulin secretion is thought 
to be mediated through muscarinic receptors that link to the Gg, 
class of heterotrimeric G proteins, G,,,, was also overexpressed in 
INS-1 cells, either alone or in concert with overexpression of PLC 
B1 or B3.''? Overexpression of G, 1a enhanced IP accumulation, an 
effect slightly potentiated by co-overexpression of PLC B1 or B3, 
but again, these maneuvers were without effect on glucose- or car- 
bachol-stimulated insulin secretion. In sum, these studies showed a 
lack of correlation between IP accumulation and insulin secretion in 
INS-1 cells, BG 40/110 cells, or cultured rat islets during stimula- 
tion with glucose or carbachol. However, it remains possible that the 
loss of fuel signaling engendered by complete lipid depletion in 
islets!” could be due to a requirement for some minimal level of 
PLC-mediated phosphoinositide metabolism. 
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FIGURE 14-5A. Adenovirus-mediated expression of malonyl CoA decarboxylase (MCD) in INS-1-derived 
832/13 cells blocks glucose-induced malonyl CoA formation, but has no effect on glucose-stimulated insulin se- 
cretion. A. 832/13 cells were treated with recombinant adenoviruses containing different cDNA constructs en- 
coding MCD (see reference 102 for details) or, as a control, a virus expressing the B-galactosidase gene 
(AdCMV-BGAL). After viral treatment, cells were cultured in 3 mM glucose for 24 hours, and then switched to 
buffer containing either 3 or 15 mM glucose for 30 minutes prior to extraction and measurement of malonyl CoA. 
Data represent the mean + SEM for three independent measurements. The asterisk (*) indicates that the malonyl 
CoA level at 15 mM glucose was significantly higher than at 3 mM glucose in the AACMV-BGAL-teated con- 


trol cells, with p <0.001. 


Insulin Signaling in 6 Cells 


A traditional topic of debate in islet research has been whether in- 
sulin controls its own expression and secretion. Recent studies sug- 
gest that the insulin receptor and other key components of the in- 
sulin signaling cascade are expressed in islet B cells.” '" 
Furthermore, exposure of BTC3 cells to glucose or exogenous in- 
sulin results in tyrosine phosphorylation of the insulin receptor and 
IRS-1, suggesting that the expressed signaling molecules are fully 
functional in B cells. However, conflicting results have been ob- 
tained in insulin-secreting cells with wortmannin, an inhibitor of a 
key enzyme of insulin signaling, phosphatidylinositol-3-kinase, 
possibly relating to the different experimental conditions em- 
ployed.!!™!?! In contrast, a role for insulin in regulating its own ex- 
pression and that of other genes important for B-cell function has 
been more clearly defined.'?*:!* 

An important role for signaling molecules implicated in insulin 
action has also emerged from studies with knockout mice. For ex- 
ample, mice deficient in insulin receptor substrate-2 (IRS-2) be- 
come insulin resistant due to impaired insulin signaling in skeletal 
muscle and liver.''* Interestingly, while normal mice or mice with 
IRS-1! knocked out exhibit a compensatory increase in insulin se- 
cretion; this does not occur in IRS-2-deficient mice. Instead, they 


exhibit a progressive loss of B-cell mass and eventually develop di- 
abetes. These results suggest that IRS-2 plays an important role in 
regulation of B-cell proliferation and compensation in insulin- 
resistant states, and implies the existence of signals that balance in- 
sulin action and insulin secretion via IRS-2—mediated B-cell ex- 
pansion. 

More recently, mice with specific knockout of the insulin re- 
ceptor in B cells were created by crossing a strain homozygous for 
an insulin receptor allele containing loxP sites with one expressing 
cre recombinase; the latter was under control of the insulin pro- 
moter, thereby directing the genetic deletion to pancreatic B 
cells.''’ The mice developed impaired glucose tolerance, caused by 
a perturbation of the first phase of insulin secretion in response to a 
glucose challenge, while the response to arginine remained intact. 
In addition, insulin content and islet size were slightly decreased in 
insulin receptor—deficient mice. These findings have led to reexam- 
ination of IRS-1-deficient mice with respect to islet function.'** 
These animals were initially reported to be highly insulin resistant 
but normoglycemic due to an effective compensation by islet cell hy- 
perplasia.'*° More recently, it was found that while basal insulin lev- 
els are elevated in the IRS- 1—deficient mice, glucose- and arginine- 
stimulated insulin secretion is impaired. Similar findings have been 
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FIGURE 14-5 (continued). B. 832/13 cells were treated with the indicated adenoviruses and cultured for 24 hours 
in medium containing 3 mM glucose. Insulin secretion was then measured by incubating cells in HBSS contain- 
ing cither 3 or 15 mM glucose for 2 hours. Results represent the mean + SEM for eight independent experi- 


ments.**p <0.01: ***p <0.001. (Dara used, with permission, from Mulder, et al.” 


reported in isolated islets and in immortalized cell lines derived 
from the IRS-1I-deficient mice.'** Insulin content in individual 
islets of these animals is also decreased, whereas total pancreatic 
insulin content is not altered due to the increase in total islet mass. 
Interestingly, morphological examinations showed that the secre- 
tory granules are smaller and more condensed in the IRS- 1—deficient 
mice. Also, there is the presence of autophagic vesicles, which are 
lacking in the wild type B cells. 

In a complementary approach to the knockout studies, the 
effect of stable overexpression of IRS-1 has been studied in 
clonal mouse ß cells, the 6-TC-F7 line.'?® This maneuver in- 
creased fractional release of insulin, when glucose was raised 
from 0 to 15 mM, while surprisingly, insulin content was de- 
creased. The glucose-induced increase in intracellular Ca?* was 
not affected, whereas basal cytoplasmic Ca?* levels were in- 
creased. The authors suggest that the mechanism by which basal 
Ca?* levels are elevated may be inhibition of Ca?* uptake into 
the endoplasmic reticulum, possibly secondary to an increase in 
protein kinase C activity. Similar findings were made in single B 
cells,” 


02) 


At this point, it appears that the insulin receptor is expressed ir 
B cells and that known insulin-stimulated signal transduction path- 
ways are operative. The surprising implication from studies in- 
volving genetic manipulation of insulin receptor or insulin signal 
transduction molecules in B cells is that insulin plays a role in B- 
cell stimulus—secretion coupling, by augmenting its own secretion. 
The mechanisms for this are still unclear, particularly in light of 
the discrepant findings with wortmannin, although Ca”* metabo- 
lism may be involved. Another cautionary note about the findings 
with transgenic animals is that despite the normal appearance of 
islets in animals with B-cell insulin receptor knockout, the possi- 
bility that the altered B-cell function in these animals is due to a 
developmental impairment has not been rigorously excluded. Fur- 
ther confusion has arisen from the recent finding that transgenic 
mice carrying a double conditional knockout of the insulin recep- 
tor in pancreatic B cells and skeletal muscle unexpectedly exhib- 
ited an improvement of their glucose homeostasis compared with 
the single conditional knockout of the insulin receptor in B 
cells.'?’ This improvement was due in part to an enhancement of 
GSIS. 
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GENETIC ENGINEERING APPLIED TO INSULIN 
REPLACEMENT THERAPY FOR DIABETES 


The recently concluded Diabetes Control and Complications Trial 
(DCCT) has clearly demonstrated the importance of tight glycemic 
control for limiting onset and progression of the crippling second- 
ary complications of type 1 diabetes mellitus (T1DM). Unfortu- 
nately, improvement in glycemic control via self-injection of in- 
sulin requires a high level of compliance and discipline, and places 
the patient at significantly enhanced risk for dangerous hypo- 
glycemic episodes. Transplantation of human pancreatic islets, 
usually involving instillation of isolated islets via the portal circu- 
lation and immunosuppression, has been investigated as an alterna- 
tive to insulin injection therapy, but historically has had very lim- 
ited success.'** Recently, however, in a trial in Edmonton, Alberta, 
Canada, a combination of mild immunosuppressive agents was 
used in conjunction with freshly isolated islet tissue to achieve in- 
sulin independence in seven successive patients studied for up to 1 
year posttransplant. "?? 

Two major issues that remain to be overcome in order for cell- 
based insulin therapy of TIDM to become widely applicable in- 
clude (1) development of a replenishable source of cells capable of 
delivering insulin in an appropriately regulated and stable fashion, 
and (2) development of methods for ensuring immunoprotection of 
transplanted cells. Because of the difficulty and cost associated with 
islet isolation and pancreas transplantation, there has been an in- 
creasing emphasis on application of the tools of molecular biology 
for development of novel insulin replacement therapies, including 
engineering of insulin-secreting cell lines, stem cell development, 
and expression of insulin in nonislet cells via gene therapy. We will 
close the chapter by reviewing the current status of these efforts. 


Engineering of Cell Lines for Glucose- 
Stimulated Insulin Secretion 


Two basic approaches for engineering of surrogate B cells have 
emerged. The first involves genetic engineering of preexisting lines 
to enhance their function. Key goals include overexpression of the 
human proinsulin cDNA and development of cells that regulate their 
insulin secretion in response to glucose and its potentiators. Early ex- 
periments of this type were carried out in the neuroendocrine cell line 
AtT-20ins, which is derived from ACTH-secreting corticotrophs of 
the anterior pituitary. These cells normally do not express the insulin 
gene, but upon transfection with a plasmid containing the human 
proinsulin cDNA, are shown to secrete the mature insulin polypep- 
tide.!?™!?! Insulin secretion from AtT-20ins cells can be stimulated 
by agents such as forskolin or 3-isobuty]-1-methylxanthine (IBMX), 
but not by glucose. Stable expression of GLUT-2 in AtT-20ins cells 
conferred glucose-stimulated insulin secretion, albeit with a maxi- 
mal 2.5-fold response occurring at a glucose concentration of ap- 
proximately 50 uM.” However, transplantation of engineered 
AtT-20ins cells into nude rats caused insulin resistance, apparently 
secondary to ACTH secretion from the cells and resultant adrenal hy- 
perplasia.'°* Thus while these cells served as a proof of principle, 
they are unlikely to be useful for insulin replacement therapy. 

More recent work has instead focused on rodent insulinoma 
cell lines such as RIN 1046-38 and INS-1. RIN 1046-38 cells re- 
spond to glucose, but this response is maximal at subphysiologic 
glucose concentrations and is lost as a function of time in culture, 
in concert with loss of expression of GLUT-2 and glucoki- 
nase.'*-!33 As detailed earlier, INS-1 cells exhibit a modest (two- to 
fourfold) response to glucose concentrations in the physiologic 


range, but genetic engineering methods have been applied to pro- 
cure robustly glucose responsive INS-1-derived subclones.” 

Using a process of “iterative engineering,” or the stepwise sta- 
ble transfection of cells with plasmids containing different genes 
and discrete antibiotic resistance markers, RIN 1046-38-derived 
cell lines have been developed with insulin content comparable to 
that measured in cultured human islet preparations (2.5-4.0 pg in- 
sulin/10° cells).''® Installation of GLUT-2 and glucokinase genes 
in these cells by stable transfection conferred a large enhancement 
in glucose-stimulated insulin secretion.''®''! The multiply engi- 
neered lines increase insulin secretion by six-to eightfold in re- 
sponse to glucose, and this response was potentiated by agents 
that raise cAMP. The engineered cell lines exhibit a maximal re- 
sponse to glucose at low concentrations (0.05-0.25 mM), but 
when incubated with 5-thioglucose, an inhibitor of low-K,, 
hexokinase activity, maximal responsiveness occurred at 3-5 mM 
glucose.''' These data suggest that further adjustment of glucose 
sensing to simulate the response threshold of the B cell (4-5 mM) 
could be achievable by stable suppression of low-K,, hexokinase 
activity, possibly via gene knockout by homologous recombina- 
tion. 

One advantage of the stable transfection approach outlined 
above is that it may provide a remarkable genetic and phenotypic 
stability in the engineered cell lines. Thus transplantation of unen- 
capsulated engineered RIN cell lines into nude rats revealed that 
stably-integrated transgenes were expressed at constant levels in 
the in vivo environment for up to 48 days, the longest experiment 
performed.''® Several endogenous genes expressed in normal 8 
cells, including rat insulin, amylin, sulfonylurea receptor, and glu- 
cokinase were also stably expressed in the insulinoma lines during 
these in vivo studies. Endogenous GLUT-2 expression, in contrast, 
was rapidly extinguished (within 10 days of cell implantation). The 
loss of GLUT-2 was not observed in engineered cell lines in which 
GLUT-2 expression was provided by a stably transfected trans- 
gene.!! 

The second approach to generation of new cell lines is to di- 
rect expression of a transforming gene, generally SV40 T-antigen, 
to B cells of transgenic mice via the insulin promoter/enhancer. 
Cell lines derived by transgenic expression of T-antigen in B cells 
exhibit variable phenotypes.'**'*” In some cases, these differ- 
ences have been correlated with expression of glucose transporters 
and glucose phosphorylating enzymes. Some lines such as BTC-6 
and BTC-7 were shown to have a glucose response that resembles 
that of the islet in magnitude and concentration dependence. 
These cells express GLUT-2 and contained a glucokinase:hexoki- 
hase activity ratio similar to that of the normal islet when studied 
at low passage number, but with time in culture GSIS became 
maximal at low, subphysiological glucose concentrations. Accom- 
panying this shift in glucose dose-response was a large (approxi- 
mately sixfold) increase in hexokinase expression. More recently, 
soft agar techniques have been used to derive new clonal isolates 
of BTC-6 cells (such as the clone BTC6-F7), which appear to re- 
tain differentiated function for longer periods of time in culture." 
However, the long-term stability of these cell lines is still un- 
clear." 

Controlling the growth rate of T-antigen-expressing cell lines 
by a strategy of conditional immortalization may allow better 
control of fuel homeostasis. The recently derived BTC-tet insuli- 
noma cell lines express T-antigen under control of a tetracycline- 
regulatable promoter, such that when tetracycline or its analogues 
are present, the cells decrease their expression of the transforming 
gene and stop growing.'*” Syngeneic transplantation of these cells 
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in an unencapsulated state into mice resulted in rapid cell growth 
and development of hypoglycemia in the absence of tetracycline, 
but in animals implanted with slow release tetracycline pellets, 
tumor mass was controlled and normoglycemia was maintained for 
a period of 150 days. It remains to be determined whether expres- 
sion of critical glucose-sensing genes is stably maintained in BTC- 
tet cell lines during tetracycline treatment. 


Engineering of Cell Lines for Resistance 
Against Immunological Attack 


As new rodent cell lines with attractive physiological properties are 
being developed, insights into strategies for immunoprotecting 
such cell lines are also emerging. As is the case with strategies for 
engineering of physiological responsiveness, work to date on im- 
munoprotection has been limited to animal cell lines, as appropri- 
ate human 6 cell lines are not yet available. However, it is hoped 
that emerging approaches will be rapidly transferable to human 
cells as they are developed. 

Immunologic destruction of B cells in type 1 diabetes is 
thought to be a T-cell-dependent process. Infiltration of pancreatic 
islets by mononuclear cells of the immune system, mostly 
macrophages and T lymphocytes, precedes B-cell destruction in 
human subjects with T1DM and in non-obese diabetic (NOD) 
mice. Impaired function and destruction of B cells appears to result 
from direct contact with islet-infiltrating cells and/or exposure to 
inflammatory cytokines that they produce.'**"'*’ Since cytotoxic T- 
cells destroy target cells via docking to MHC class I molecules, re- 
sulting in T-cell receptor activation, one approach for protecting 
unencapsulated islets is MHC class I “masking” by pretreatment 
with specific antibodies'** or suppression of MHC class I expres- 
sion by antisense strategies or by expression of the adenovirus E3 
gene.'**'*° These maneuvers have been demonstrated to slow de- 
struction of islet xenografis'™ or cell lines transplanted as allo- 
grafts.'** In addition, expression of the entire E3 gene in transgenic 
mice engineered for virus-induced, B-cell-specific autoimmunity 
prevents B-cell destruction, although peri-insulitis is still ob- 
served.'** However, it is as yet unclear whether E3 expression will 
be sufficient to protect transplanted cell lines from immune de- 
struction in all cases. In fact, the protection afforded by E3 expres- 
sion in transplanted mouse islets is demonstrable in some mouse 
strains but not in others.'"° Another approach that has been taken is 
the expression of “protective” or Th2 cytokines such as IL-4 or IL- 
10 in B cells. Expression of IL-4 in B cells does in fact provide ef- 
fective protection against B-cell destruction and insulitis in trans- 
genic NOD mice.'*’ However, expression of IL-4 fails to protect 
NOD islets when transplanted into diabetic NOD mice, and also 
fails to protect islets transplanted from one strain of mouse to an- 
other (allografting) in the absence of any autoimmunity.'** Thus it 
appears that local production of IL-4 may not be sufficient to pro- 
vide protection for transplantation of cell lines into animals or hu- 
mans with diabetes. A final approach that has garnered attention is 
the engineering of cotransplanted cell lines for expression of Fas 
ligand (FasL). In one recent study, syngeneic myoblasts engineered 
for FasL expression provided protection for a cotransplanted islet 
allograft in mouse experiments.'*? While initially highly encourag- 
ing, a subsequent study involving expression of FasL in trans- 
planted islets showed accelerated rather than slowed immunologic 
destruction of the graft." The reasons for these discrepant results 
are not yet apparent and further investigation of the FasL approach 
will be required. 
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An alternative approach to preventing T-cell/graft interactior 
is to encapsulate cells in a cell-exclusionary membrane or devic: 
Such an approach obviates the need for suppression or masking ¢ 
MHC class I expression in the cells to be implanted. Furthermor 
implantation of cells in an encapsulated form, particularly whe 
all the cells are within a single device (macroencapsulation), ca 
allow immediate localization or retrieval of cells should problem 
with cell performance or other complications be encounterec 
When dealing with cells encapsulated in this fashion, immunoprc 
tective strategies become focused on mechanisms for preventin 
cell damage in response to small, soluble mediators of the im 
mune response. One approach is to identify and express candidat 
genes that may interfere with this kind of cell damage. These in 
clude the anti-apoptotic gene hcl-2 and related family mem 
bers;™!*! enzymes involved in metabolism of toxic oxygen radi 
cals present at low abundance in B cells such as superoxid: 
dismutase, catalase, or glutathione peroxidase:'*'* other mole 
cules that interfere with the known signal transduction pathway 
of inflammatory cytokines, such as dominant-negative FADD do 
main proteins, which partially block TNF-a signaling;!**'* o 
dominant negative forms of the IL-1 receptor interacting proteil 
MyD83.'*° Expression of anti-apoptotic members of the bcl gen 
family have been reported to confer partial protection against cy 
tokine mixtures,”'*! but at high levels of expression, these pro 
teins may also impair glucose metabolism and glucose-stimulatec 
insulin secretion.“ 

An alternative, more general approach is to develop cell line: 
with resistance to inflammatory cytokines. This has been recently 
achieved by culture of INS-1 cells in incrementally increasing 
concentrations of IL-1B + IFN-y. resulting in isolation of clones 
resistant to the cytotoxic effects of the two cytokines (Fig. 14- 
6).'58 

The resistance to IL-1 as a result of the selection procedure is 
permanent, while the resistance to IFN-y is transient and rein- 
ducible.’** By following the known pathways of IL-1 and IFN-+ 
signaling, cytokine resistance in the selected cells was shown to be 
associated with altered activity or expression of transcription fac- 
tors. Thus the permanent resistance to IL-18 was linked to im- 
paired NF-kB translocation.'** Selected cells maintained in cy- 
tokines were also found to contain very high levels of the 
transcription factor STAT-!a, whose translocation to the nucleus is 
mediated by interaction with IFN-y receptor and its associated 
Janus kinase (JAK).'*? Furthermore, adenovirus-mediated overex- 
pression of STAT-1a in cytokine-sensitive INS-1 cells confers par- 
tial resistance to the cytotoxic effects of IFN-y or IFN-y + IL-1 
(Fig. 14-7),!% It remains to be determined whether other factors 
also participate in the development of complete cytokine resist- 
ance. Comparison of gene expression profiles in cytokine-resistant 
and cytokine-sensitive INS-1-—derived cells may allow a more com- 
plete understanding of pathways leading to robust resistance to sol- 
uble mediators of the immune response. 


Approaches to Human Cell Therapy of Diabetes 


Important gains have been made in recent years in identifying and 
developing cell lines that can perform key functions of the normal 
islet B cell, and in devising strategies that may aid in protecting 
such cells when transplanted into an immunocompetent host. It is 
hoped that lessons learned from both transgenic and cellular engi- 
neering approaches will be applicable to development of cell lines 
suitable for treatment of human diabetes. However, it is uncertain if 
rodent or other xenogeneic cell lines will serve as a useful vehicle 
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FIGURE 14-6. A selection procedure for isolation of cytokine-resistant INS-1 cells. INS-1 cells were grown in 
the presence of iterative increases in concentrations of IL-18 + IFN-y over a period of 8 weeks, as described in 
Chen, et al.'®* At the end of the 8-week selection procedure, one group of selected cells was cultured for 2 addi- 
tional months in the continual presence of 10 ng/mL IL-18 + 100 U/mL IFN-y (INS-!,;), while a second group 
of cells had cytokines withdrawn for the 2-month period (INS-1x., in normal medium). These two cell popula- 
tions and unselected INS-1 cells (INS-1) were cultured overnight in the absence of cytokines and then subjected 
to acute treatment (48 hours) with 10 ng/mL IL-18 + 100 U/mL IFN-y or with conditioned medium from LPS- 
stimulated rat peripheral blood mononuclear cells (LPS-stimulated PBMC). Viability of the three cell populations 
was estimated with the MTT viability assay, relative to each group of cells cultured in normal medium without 
cytokines or PBMC-conditioned medium, which were scored as 100% viable (medium control). 


for delivery of insulin to human patients. Problems with such cell 
lines include their potential transmission of adventitious infectious 
agents (e.g., retroviruses) and their leak of xenoantigens, resulting 
in a hyperaggressive immune response that may destroy trans- 
planted cells even if they contain protective genes. It is therefore 
imperative to develop human cell lines that can serve as functional 
allografts. The genetic engineering approaches just described are 
likely to be applicable to the development of such lines. The prob- 
lem is with the lack of stable human B-cell lines, or alternatively, 
an expandable population of stem cells that can serve as the start- 
ing material for molecular manipulation. We close the chapter by 
evaluating several approaches for dealing with this problem that 
have emerged recently. 

One approach to procuring an expandable supply of human B 
cells is to isolate stem cells that can be grown in culture and in- 
duced to differentiate to a B-cell phenotype. Two types of stem 
cells may be suitable for this purpose. First, there is evidence to 
suggest that the pancreatic ducts contain cells with the capacity to 
expand and differentiate to normal islet tissue. Thus, islet neogene- 
sis from pancreatic ductal structures has been demonstrated in sev- 
eral models of islet regeneration, including the partially pancreatec- 
tomized rat,'™ and in mice transgenic for expression of IFN-y in 
islet B cells.'*! More recently, two reports have shown that the por- 
tion of the pancreas that remains after islet harvesting can yield 
islet-like structures when cultured in defined tissue culture media, 
and that resultant cell clusters express insulin and secrete the hor- 
mone in response to known stimulators of secretion.'®*!** These 
studies provide some encouragement for the idea that the pancreas 


contains pluripotent stem cells that can be harnessed to procure 
functional islets. However, major issues remain to be overcome, in- 
cluding the relatively low and quite variable insulin content 
achieved in the studies performed to date, and the absence of un- 
equivocal evidence that the insulin-containing cells are derived 
from stem cells rather than from preexisting B cells. Therefore, a 
key goal for the future is the isolation and characterization of the 
putative stem cells from the mixed cellular populations found in 
the ductal cultures. 

The second type of stem cell that may have utility for procure- 
ment of functional pancreatic islets is the embryonic stem cell. A 
recent report has used a cell-trapping system to isolate insulin- 
producing cells from mouse embryonic stem cells.'“ This involved 
construction of a vector containing a fragment of the human insulin 
gene driving expression of a neomycin resistance gene, and a sepa- 
rate transgene consisting of a constitutive promoter (phosphoglyc- 
erate kinase) driving expression of a hygromycin resistance gene. 
This construct was used to transfect mouse embryonic stem cells 
by electoporation, and transfected cells were selected with hy- 
gromycin. Selection of insulin-expressing subpopulations of trans- 
fected cells was then achieved by culture of cells in neomycin 
(G418). Initial populations of insulin-expressing cells procured by 
culture in the presence of nicotinamide and high (25 mM) glucose 
had very low insulin content and no response to secretagogues. 
However, further culture of these cells at low glucose (5.6 mM) re- 
sulted in a progressive increase in insulin content and modest glu- 
cose-stimulated insulin secretion. Implantation of these cells into 
streptozocin-induced diabetic mice resulted in partial normaliza- 
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FIGURE 14-7. Adcnovirus-mediated expression of STAT-1a in a cytokine-sensitive INS-1—derived cell line con- 
fers resistance to cytokine-induced cytotoxicity. Inset. INS-1 cells were treated with the indicated concentrations 
of AdCMV-STAT-!a for 12 hours, and then incubated in fresh medium for 24 hours. prior to cell harvesting and 
immunoblot analysis with an anti-STAT-Ia@ antibody. Control celis were incubated for the same time period but 
without virus treatment. The cytokine-sensitive cell line 834/40 was treated with | X 10° pfu/mL of AdCMV- 
STAT Ia, the same amount of AACMV-BGAL virus. or no virus. These cell groups were cultured in normal 
medium for 24 hours. and then treated with 100 ng/mL IL-18. 100 U/mL IFN-y. or both cytokines for 48 hours. 
Cell viability was then determined with the MTT assay. Data represent the mean + SEM for four independent ex- 
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tion of blood glucose levels and improved glucose tolerance during 
oral glucose or meal challenges. This study provides important 
proof of principle for the concept that embryonic stem cells can be 
used to procure cells that resemble pancreatic islets in several im- 
portant aspects. However, it remains to be determined if the same 
or related technologies will be applicable to human embryonic 
stem cells, and whether political considerations will allow such 
work to progress at an optimal pace. Furthermore. it will also be 
important to determine whether the insulin-producing cells that are 
derived by these methods can be induced to become fully differen- 
tiated, which could involve application of some of the genetic engi- 
neering approaches described earlier. 

While human cell line and stem cell development continues, 
others have investigated the possibility that gene therapy can be 
used to deliver insulin from extrapancreatic tissues. Three recent 
publications are notable in this regard.'**'®’ In one study, the in- 
vestigators engineered an insulin molecule containing a short pep- 
tide loop connecting the A and B chains of the molecule that allows 
appropriate folding and interaction of the two chains without a re- 
quirement for proteolytic processing.“ The cDNA encoding this 
construct was placed under the control of the liver pyruvate kinase 
promoter and delivered with an AAV vector to liver of streptozocin- 
induced diabetic mice. Animals that received this vector exhibited 
near-normalization of blood glucose levels. However. the insulin 


secretion response to an oral glucose tolerance test was clearly de- 
layed relative to animals with intact islets, as would be expected 
given that control of insulin production by glucose in the trans- 
genic mice occurs via activation of the pyruvate kinase promoter, a 
much slower process than glucose-stimulated insulin exocytosis in 
normal islets. Transgenic mice were also susceptible to postpran- 
dial hypoglycemia, because insulin production persisted beyond 
the point at which glucose levels began to fall.'® It must also be 
noted that further development of viral gene transfer vectors is re- 
quired to ensure efficacy and patient safety before constructs of this 
type can be delivered to human diabetic patients. An interesting al- 
ternative hepatic enginecring strategy that has recently appeared 
involves adenovirus-mediated expression of a key islet transcrip- 
tion factor, PDX-1.'°° Remarkably, this maneuver results in activa- 
tion of insulin gene expression in liver of streptozocin-diabetic 
mice, and partial normalization of their blood glucose levels. While 
similar concerns can be raised about this approach as for the insulin 
analogue idea (poor regulation of insulin secretion from liver, con- 
cerns about vector efficacy and safety in humans), the PDX-1 study 
may have broader implications in the context of inducing differen- 
tiation of nonislet or stem cells in culture. Finally, a recent study 
has investigated the expression of human proinsulin under control 
of the glucose-dependent insulinotropic polypeptide (GIP) pro- 
moter in transgenic mice.'® Initial testing of the construct in gut K 
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cells revealed correct proteolytic processing of proinsulin to in- 
sulin, presumably mediated by expression of the proprotein con- 
vertases PC1/3 and PC2 in the gut cell line. Furthermore, modest 
glucose-stimulated insulin secretion (twofold response as glucose 


was 


raised from 1 to 10 mM) was demonstrated in the transfected 


cells. Expression of proinsulin in transgenic mice under control of 
the GIP promoter resulted in expression of the transgene in gut, 
normalization of blood glucose levels in streptozocin-induced dia- 
betic mice, and a more normalized response to an oral glucose 
bolus than observed with the pyruvate kinase/single-chain insulin 
AAV approach. Whether these intriguing results can be developed 
into a new strategy for treatment of human diabetes again awaits 
the development of safe and efficacious gene therapy vectors for 
gene transfer to the gastrointestinal tract. 
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CHAPTER 15 


Immunology Relevant To Diabetes 


Charles A. Janeway, Jr. 
F Susan Wong 


Type 1 or insulin-dependent diabetes mellitus (T1DM) is widely 
considered to be an autoimmune disease. This hypothesis is based 
on a number of independent findings, including the presence of a 
lymphocytic infiltrate known as insulitis in the islets of recently di- 
abetic individuals, the specificity of pancreatic B-cell destruction, 
the observation that diabetic patients transplanted with identical 
twin pancreas grafts rapidly and selectively destroy the B cells in 
the grafted tissue, the presence of antibodies to islet antigens, and 
numerous studies in animal models.' Thus, to understand the 
pathogenesis of TIDM, one must have a working knowledge of 
immunology and of autoimmune diseases.” In this chapter, rele- 
vant features of the immune system will be briefly described, fol- 
lowed by a discussion of the autoimmune pathogenesis of type 1 
diabetes in humans as illustrated by studies of experimental animal 
models. Following that discussion, the possibility of treating, and 
more importantly of preventing, type 1 diabetes will be discussed. 
See Chap. 20 for a discussion of the clinical findings and patho- 
physiology of type 1 diabetes in humans. 


ADAPTIVE IMMUNITY: THE CLONAL SELECTION 
OF ANTIGEN-SPECIFIC LYMPHOCYTES 


The immune system has as its primary function the defense of the 
host against infection. Two discrete classes of immunity exist. In- 
nate immune defense mechanisms such as phagocytosis defend 
against a broad range of microorganisms but do not provide pro- 
tection against specific pathogens; these fail to control most 
pathogens. Adaptive immunity involves immune responses that are 
specific to individual pathogens and provide long-lasting protec- 
tion against reinfection with agents previously encountered either 
naturally or as a result of deliberate immunization. As far as can be 
determined, innate immune mechanisms have been evolutionarily 
selected to discriminate self from certain classes of nonself mi- 
croorganisms. Thus, innate immune mechanisms have no means 
for recognizing or attacking host cells, and do not participate de- 
tectably in autoimmune phenomena. For this reason, this chapter 
will focus on those aspects of adaptive immune responses that are 
pertinent to autoimmune disease. 

Adaptive immunity operates by clonal selection of individual 
lymphocytes that recognize specific macromolecular antigens. 
Clonal selection is the basic operating principle of the adaptive im- 
mune response, and is shown schematically in Fig. 15-1. In brief, 


the basis of clonal selection is the development within individual 
lymphocytes of antigen receptors of essentially infinite diversity. 
During its ontogeny, each lymphocyte generates a unique set of re- 
ceptor genes that encode a unique cell-surface antigen receptor. As 
soon as these genes are formed, the receptor is expressed on the 
surface of the lymphocyte. If the receptor recognizes a ubiquitous 
self-antigen that is also present in the site of lymphocyte develop- 
ment, this recognition leads to the induction of programmed cell 
death within the developing lymphocyte. In this way, a repertoire 
of receptors of random specificity is purged of those receptors that 
Tecognize self-antigens.* The remaining cells mature functionally 
and leave the site of lymphocyte development. These cells are now 
equipped with receptors that recognize all possible antigens other 
than ubiquitous self-antigens. If a lymphocyte encounters its spe- 
cific antigen, the binding of antigen to the lymphocyte receptor 
triggers the lymphocyte’s activation, its proliferation to increase 
the numbers of specific cells, and the differentiation of its ex- 
panded progeny into effector cells that can remove the antigen 
from the body. Some of its progeny also differentiate into long- 
lived memory lymphocytes that maintain a heightened state of im- 
munity against the initial antigen. In this way, long-lasting protec- 
tion against a previously encountered pathogen is generated 
through clonal selection. 

In order to fully understand how the adaptive immune response 
operates through clonal selection, it is necessary to understand the 
nature of lymphocyte receptors and the genes that encode them, 
certain aspects of lymphocyte development, and the activation of 
lymphocytes by antigen. Finally, it is important to understand the 
effector mechanisms by which lymphocytes rid the body of 
pathogens, as these same effector mechanisms are used to damage 
self-tissues. 


LYMPHOCYTE RECEPTORS AND THE 
GENERATION OF LYMPHOCYTE DIVERSITY 


There are two main categories of lymphocytes, known as B lym- 
phocytes and T lymphocytes. B lymphocytes develop in the bursae 
of Fabricius in birds and the bone marrow in mammals, whereas T 
lymphocytes develop in the thymus (hence their names). These two 
classes of lymphocytes have distinct receptors that allow them to 
recognize antigens displayed in different bodily compartments. B 
lymphocytes are the precursors of antibody-producing celis, and 
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FIGURE 15-1. Adaptive immunity occurs by clonal selection of lympho- 
cytes. Each lymphocyte develops bearing a single receptor for antigen. 
Those lymphocytcs whose receptors recognize ubiquitous sclf-antigens 
will bind antigen as soon as their receptors are expressed on the cell sur- 
face, and this induces programmed cell death, purging the initial repertoire 
of such self-reactive cells. Foreign antigens encountered in the peripheral 
lymphoid organs induce growth in lymphocytes bearing receptors specific 
for that antigen: growth is followed by differentiation into cffector cells that 
remove the antigen and generate long-lasting immunologic memory that 
protects against subsequent encounters with the same antigen. 
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their cell-surface receptors are identical in specificity to the anti- 
bodies they will later secrete into the extracellular fluid and are en- 
coded by the same genes. T lymphocytes. by contrast, have recep- 
tors that are specialized to recognize antigens actually produced 
within the cell; this system allows T lymphocytes to detect and act 
on cells that are sequestering cytoplasmic pathogens. Although 
performing quite distinct recognition functions, T- and B-lympho- 
cyte receptors have a great deal in common, having evolved from a 
common ancestral set of genes and using essentially identical 
mechanisms to generate the diversity of receptor specificities ne- 
cessitated by clonal selection. 

The diversity of lymphocyte receptors appears to be necessary 
in order to allow the immune system to recognize all possible 
pathogens, no matter how recently they arose in evolution. Because 
microorganisms evolve far more rapidly than their mammalian 
hosts, the generation of diversity is vested mainly in processes that 
occur in somatic cells. Thus what evolution has selected for is the 
ability to generate diverse receptors rather than the genes encoding 
the receptors themselves. 

The antigen recognition sites on antibodies and T-cell recep- 
tors are formed by the association of two polypeptide chains, each 
consisting of a series of similarly folded domains of about 110 
amino acids. The amino terminal domain is highly variable in se- 
quence and is called a variable or V domain. The more C-terminal 
domains of both B- and T-cell receptor chains have a single amino- 
acid sequence for all chains of a given type, and are called constant 
or C domains. These C domains impart functional capacity to the 
receptors, whereas the V domains make the extensively varying 


antigen-recognition site. Diversity comes from the individual vari- 
ability of each chain, as well as from the combinatorial diversity 
produced by pairing two individual variable domains together in all 
possible combinations to form functional receptors. 

There are several distinct sources of diversity that contribute to 
the variability of variable domains in antibodies and T-cell recep- 
tors. Each receptor chain is encoded in clusters of gene segments 
that together encode the finished receptor. The variable domain is 
encoded in two or three separate gene segments, which must un- 
dergo recombination in developing lymphocytes before they can be 
expressed as intact proteins. One chain of each receptor, the light 
immunoglobulin chain and the a chain of the T-cell receptor, is en- 
coded in two separate gene segments, a V-gene segment that en- 
codes the first 95 or so amino acids of the domain, and a J or join- 
ing gene segment that encodes the last 15 or so amino acids. Any 
V-gene segment can be joined to any J-gene segment, so the total 
number of distinct V domains that can be generated is the product 
of the number of V-gene segments times the number of J-gene seg- 
ments. In the case of immunoglobulin heavy-chain and T-cell 
receptor B-chain genes. the complete V domain is assembled from 
a V-gene segment, a J-gene segment, and a gene segment known 
as D or diversity that joins the V- to the J-gene segment. The 
number of distinct immunoglobulin heavy-chain and T-cell recep- 
tor B chains that can be formed is the product of the number of 
V-gene segments, the number of D-gene segments, and the number 
of J-gene segments. Thus each individual inherits a significant ca- 
pacity to generate diversity in the form of the different numbers of 
V-, D-, and J-gene segments for each receptor chain. 

A further significant source of receptor diversification occurs at 
the site of gene segment joining. During the joining process, at least 
two different processes contribute to diversification at each receptor 
gene segment junction. First, the precise site at which codons are 
cleaved and joined is variable. Second, during the formation of gene 
segment joints, certain nucleotides are removed enzymatically from 
the site of joining, and more importantly, nucleotides can be added at 
the site of gene segment joining by two different processes. One of 
these involves nucleotides of the opposite strand of DNA at the site 
of gene segment cleavage, forming palindromic or P nucleotides; 
the other involves the random addition of nongenomically encoded 
or N nucleotides to the ends of the cleaved gene segments by the en- 
zyme terminal deoxynucleotidyl transferase. These two processes 
together increase the diversity of lymphocyte receptors very signifi- 
cantly, adding at least a factor of 100 to the extent of diversity in 
gene segment junctions. Because there are two junctions of this type 
in immunoglobulin heavy chains and T-cell receptor B chains, the 
amplification in diversity in these double junctions is at least 10,000- 
fold. More importantly, this tremendous diversity is found in the 
center of the antigen-recognition site in the folded protein. Thus the 
region of the receptor molecule most involved in antigen recognition 
is also the site of the greatest somatic diversification (Fig. 15-2).° 

Finally, for completeness, it is worth mentioning that B-cell re- 
ceptors and the antibodies produced from them can undergo further 
diversification upon stimulation by antigen. This diversification oc- 
curs through a process of hypermutation in proliferating B cells. 
This somatic hypermutation is targeted at the rearranged genes en- 
coding the antibody variable domains, and acts in such a way that 
those B cells whose receptors bind antigen most strongly after so- 
matic hypermutation has occurred are selectively expanded in con- 
sequence of their improved antigen binding. Because of this, the 
efficiency of the antibody response increases enormously during 
the course of the response. This mode of somatic hypermutation 
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FIGURE 15-2. The antigen receptors on T lymphocytes consist of two 
chains, a and B. Each has a variable (V) domain that is assembled from the 
somatic recombination of gene segments in developing T cells: V and J in 
the case of a-chains; V, D, and J in the case of B-chains: and a constant do- 
main. The two chains pair to form a disulfide-bonded heterodimeric protein 
on the surface of T lymphocytes, with antigen recognition resulting from 
the pairing of the two variable domains. Diversity comes both from joining 
different combinations of the multiple V, D. and J gene segments, and from 
differences in the way in which the gene segments are joined together dur- 
ing lymphocyte development. Immunoglobulin genes that encode B-cell re- 
ceptors and antibodies are assembled in a very similar fashion in develop- 
ing B cells. 


has not been observed for T cells, so all of the diversity in T-cell 
receptors is generated prior to the expression of the receptor on the 
cell surface. This has important consequences for differences in 
tolerance between T and B lymphocytes. 


T-LYMPHOCYTE RECOGNITION OF ANTIGENS 
AS PEPTIDES BOUND TO MOLECULES ENCODED 
IN THE MAJOR HISTOCOMPATIBILITY COMPLEX 


As mentioned earlier, T lymphocytes are specialized to recognize 
pathogens that reside in the cytoplasmic compartments of the cell. 
T cells can detect when a cell is harboring a pathogen because the 
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receptor on T cells recognizes antigen in the form of peptide fra 
ments of the pathogen bound stably to molecules encoded in t 
major histocompatibility complex (MHC). The sole known fun 
tion of MHC molecules is to present peptide fragments of antig 
to T lymphocytes at the surface of infected cells.° 

MHC molecules have a novel structure in that the comple 
molecule expressed at the cell surface consists of three polypeptic 
chains, only two of which are complete polypeptides shared by a 
MHC molecules. The third chain in MHC molecules consists of 
peptide fragment of a cellular or foreign protein. This third peptid 
element is required for the completion of MHC molecular struc 
ture; its presence allows MHC molecules to perform their antiger 
presenting function. 

MHC molecules exist in two distinct forms, known as MHI 
class I and class H molecules. MHC class I molecules have a heav 
or a chain encoded within the MHC; this heavy chain associate 
noncovalently with a non-MHC protein known as B microglobu 
lin. The outer two domains of the heavy or a chain, a, and a, ar 
extensively polymorphic and form a cleft into which an eight- o 
nine-amino-acid peptide binds during the assembly of the MHC 
class I molecule. MHC class I molecules that lack this third peptidi 
chain are retained in the endoplasmic reticulum; they are highl; 
unstable at 37°C. When MHC class I molecules are synthesized ir 
the endoplasmic reticulum, they rapidly bind to Ba microglobulin 
but are retained in the endoplasmic reticulum by their associatior 
with a specific peptide transporter known as TAP-1/TAP-2. This 
heterodimeric ATP-binding cassette protein delivers peptides of 
8-15 amino acids generated in the cytosolic compartment of the 
cell to the lumen of the endoplasmic reticulum. If these peptides 
bind to the associated empty MHC class I molecules, then the 
MHC class I molecule completes its folding upon binding peptide 
and is released from the TAP-1/TAP-2 complex. These stable MHC 
class I molecules are rapidly transported to the cell surface, where 
they present the peptide to passing T lymphocytes. 

The T lymphocytes that recognize MHC class I-associated 
peptides are a distinct subclass known as CD8 T cells, because they 
express on their surface a molecule known as CD8. CD8 T cells are 
specialized to kill cells infected with viruses and other pathogens 
that replicate in the cytosol. CD8 binds to the lateral face of the 
MHC class I molecule, whereas the T-cell receptor binds over the 
peptide-binding cleft at the distal end of the MHC class I molecule. 
Thus. the T-cell receptor discriminates one MHC class I molecule 
from another on the basis of the peptide bound to it, whereas CD8 
can recognize any MHC class I molecule. CD8 not only binds to 
MHC class I molecules, but when it binds in conjunction with the T- 
cell receptor, it greatly facilitates antigen recognition by the T-cell 
receptor. For this reason, CD8 is known as a coreceptor molecule.’ 

The other type of MHC molecule, the MHC class II, presents 
peptides at the cell surface that derive from proteins degraded in 
cellular vesicles. MHC class II molecules consist of two polypep- 
tide chains, both of which are encoded within the MHC. The folded 
structure of the MHC class II molecule is very similar to that of the 
MHC class I molecule,” but they present peptides derived from dif- 
ferent cellular compartments. MHC class Il molecules, like class I 
molecules, are synthesized and assembled in the endoplasmic retic- 
ulum. However, MHC class II molecules assemble together with a 
third, nonpolymorphic chain known as the invariant chain or li, 
and MHC class II molecules bound to Ii are not able to bind pep- 
tide. Moreover, the invariant chain appears to direct MHC class II 
molecules to a particular cellular vesicle in which the invariant 
chain is degraded by acidic proteases, and peptides present in this 
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vesicle bind to the now-exposed MHC class II peptide-binding 
cleft. The invariant chain serves to protect MHC class II molecules 
from binding peptides in the lumen of the endoplasmic reticulum, 
and thus avoids the presentation of peptides derived from cytosolic 
proteins.° 

MHC class II molecules are recognized at the cell surface by 
T cells expressing a distinct coreceptor known as CD4. Peripheral 
T cells express either CD4 or CD8 and are specific for MHC 
class II- or class I-associated peptides, respectively. CD4 T cells 
have a number of immunologic functions, the most important of 
which are the activation of infected macrophages to destroy bacte- 
ria residing in cellular vesicles and the activation of B lymphocytes 
to produce antibody. B lymphocytes use their immunoglobulin re- 
ceptors to convert external antigens into internal ones by binding 
them and internalizing them into cellular vesicles, and then de- 
grade these proteins into peptides that bind to MHC class II mole- 
cules that are expressed on the B-cell surface. Antigen-specific 
helper T cells recognize those B cells whose surface immunoglob- 
ulins effectively bind antigen through the expression of these pep- 
tide: MHC class II molecules on the B-cell surface, and selectively 
activate antigen-binding B cells in this way. In both types of recog- 
nition, CD4 binds to the lateral face of the MHC class II molecule 
and provides coreceptor function to the T-cell receptor in the recog- 
nition of peptides bound to MHC class II molecules (Fig. 15-3).'° 


MHC GENE POLYMORPHISM 
AND ANTIGEN RECOGNITION BY T CELLS 


The genes encoding the proteins of the MHC are the most poly- 
morphic genes yet described in the human genome. There are 
three major loci encoding MHC class 1 œ chains, and four or 
more encoding MHC class II B chains. At many of these loci, 


FIGURE 15-3. T cells come in two distinct types. differentiated by expres- 
sion of the coreceptor proteins CD4 and CD8. CD8 T cells are specialized 
to kill cells that present peptide fragments of antigens degraded in cytosol 
and displayed at the cell surface by MHC class I molecules. The CD8 corc- 
ceptor binds the same MHC class I molecule as the T-cell receptor and con- 
tributes to signaling for T-cell activation. CD4 T cells are specialized to ac- 
tivate cells, such as macrophages and B cells, that present peptide 
fragments ol antigens degraded in cytoplasmic vesicles, such as endosomes 
and lysosomes. and displayed at the cell surface by MHC class II mole- 
cules. The CD4 coreceptor binds the same MHC class IT molecule as the T- 
cell receptor and contributes to signaling for T-cell activation. 
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well over 50 alleles are known to exist. Some of this polymor- 
phism is detectable using antibodies, but the remainder must be 
detected using either T-cell recognition or nucleic acid sequenc- 
ing. Human MHC proteins are known as human leukocyte anti- 
gens or HLAs, and human MHC class I molecules are known as 
HLA-A, -B, and -C. Human MHC class II molecules are known 
as HLA-D proteins, and are subdivided further into DR, DQ, and 
DP molecules. 

The extensive polymorphism of MHC proteins is largely fo- 
cused on the peptide-binding groove of the MHC molecule. These 
polymorphic differences alter the peptide-binding characteristics 
of the MHC molecule, such that different MHC molecules will 
present different peptides derived from the same protein. More- 
over, the polymorphism of MHC molecules also influences the 
binding of T-cell receptors to MHC:peptide complexes. Precisely 
how this occurs is not known, but the same exact peptide bound to 
two different MHC molecules is readily distinguished by T cells. 
This phenomenon. which is an intrinsic property of T-cell recep- 
tors, is known as MHC restriction, because genes at the MHC re- 
strict the antigen-recognition capabilities of individual T-cell re- 
ceptors (Fig. 15-4).'’ In general, MHC restriction is highly MHC 
specific, such that a given T-cell receptor will recognize its cognate 
peptide bound only to one or a very few allelic variants of a given 
MHC molecule. Thus MHC polymorphism affects T-cell recogni- 
tion in two quite distinct ways: first by altering peptide binding, 
and second by altering the interaction of the peptide: MHC complex 
with T-cell receptors. MHC polymorphism is a major genetic factor 
in determining susceptibility to TI DM and most other autoimmune 
diseases, and this is likely to reflect the ability of certain MHC 
allelic variants to present a specific autoantigen to a specific set of 
T-cell receptors. It also imposes severe constraints on T-cell devel- 
opment, as we will see in the next section. 


THE DEVELOPMENT AND SELECTION 
OF LYMPHOCYTES 


We have seen in earlier sections that lymphocyte receptors are as- 
sembled from gene segments during the development of individual 
lymphocytes, and that each lymphocyte assembles different gene 
segments and makes different junctions that encode its unique re- 
ceptor, so that the totality of receptors forms a highly diverse reper- 
toire of recognition capabilities. Moreover, we have seen that when 
ubiquitous self-antigens are now encountered by these receptors, 
the immature lymphocyte is programmed to die, following an 
apoptotic pathway. In the case of B lymphocytes, these are the only 
events about which we have information. However, in the case of T 
lymphocytes, a further event is necessitated by the nature of anti- 
gen recognition by T-cell receptors and by the polymorphism of 
MHC molecules. 

We saw in the preceding section that T-cell receptors will only 
recognize peptides bound to a particular allelic variant of a MHC 
molecule, and that a given locus may encode as many as 100 dif- 
ferent variants. Because the rearrangement of receptor gene seg- 
ments is completely random, and because an individual can only 
express 2 out of the possible 100 alleles at a given MHC locus, it is 
highly likely that most T-cell receptors that form in an individual 
will not be able to recognize foreign peptides bound to any of that 
individual’s MHC molecules. If such cells were allowed to differ- 
entiate, they would fill the periphery with T lymphocytes that are 
useless. However. this does not occur because T cells must un- 
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FIGURE 15-4. Antigen recognition by T cells is governed by 
polymorphism of MHC molecules. The MHC molecules have a 
deep cleft in their outer aspect that must be occupied by a peptide 
in order for the molecule to be displayed at the cell surface. The 
peptide-binding groove is formed by two æ helices overlying a B 
pleated sheet, and the polymorphic residues in the MHC molecule 


mainly line the peptide-binding groove. Thus. a T cell is specific @Op4q À 


for a particular combination of peptide and self-MHC, here MHC 
IIa (left). When this T cell! is confronted with a different MHC 
molecule, here MHC IIb, the nonself-MHC molecules will bind 
different peptides of a protein (center). or will present a different 
overall conformation of peptide and MHC molecule when binding 
the peptide (right). For this reason, T cells show specificity not 
only for a particular antigen, but also for a particular allelic form 
of MHC molecule, a property known as MHC restriction in anti- 
gen recognition. 


dergo a further selective event during their development within the 
thymus that circumvents this problem. This process is known as 
positive selection because it selects for further maturation only 
those T cells whose receptors are capable of recognizing foreign 
peptides bound to a self-MHC molecule. T cells can only mature if 
their receptors interact appropriately with MHC molecules binding 
self-peptide likely that they encounter within the thymus. If the T- 
cell receptor binds self-MHC/selt-peptide sufficiently well to trig- 
ger T-cell activation, the result is that the T cell dies, a process 
called negative selection, crucial for preventing the development of 
autoreactive T cells. The weaker signal that triggers positive selec- 
tion is not yet understood, but it is clearly essential for T-cell de- 
velopment. The consequence of this process is that all T cells that 
leave the thymus have receptors able to recognize foreign peptides 
presented by self-MHC molecules.'* That is, all of the T cells put 
into the peripheral repertoire appear to be potentially useful. This 
positive selection event for self-MHC recognition appears to also 
involve recognition of self-peptides, but at a level too low to trig- 
ger T-cell activation, thus avoiding problems of autorecogni- 
tion.!>" 


T-LYMPHOCYTE ACTIVATION, 
ANTIGEN RECOGNITION, 
AND COSTIMULATORY SIGNALS 


The naïve or unstimulated T cell is a small cell with scanty cyto- 
plasm and condensed nuclear chromatin; it is metabolically very 
poorly active and cannot carry out any effector function. Moreover, 
T lymphocytes specific for a given peptide are extremely rare. Thus 
before a T cell can participate in adaptive immunity, it must recog- 
nize antigen and undergo extensive proliferation to increase the 
number of cells of the relevant specificity, and these must then dif- 
ferentiate into cells capable of mediating effector functions. This 
occurs over a period of 4-5 days after introducing antigen, and re- 
sults in an approximately 1000-fold increase in the number of spe- 
cific cells and their differentiation from resting into active effector 
cells. 

The cells that stimulate T-cell proliferation and differentiation 
are known as antigen-presenting cells (APCs). For a cell to be able 
to present antigen to a T cell, it must display the appropriate com- 
plex of peptide and MHC on its surface. However, the mere ex- 
pression of peptide and MHC on the surface of a cell is not suffi- 
cient to trigger T-cell proliferation and differentiation into effector 
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cells. Rather, the T cell needs to receive a signal known as a ce 
stimulatory signal from the same antigen-presenting cell.'*"'’ Th 
major molecules involved in the costimulation of T-cell growth an 
differentiation are known as B7.1 and B7.2, related molecules th: 
bind to the T-cell molecule CD28 and a related structure known a 
CTLA4. The simultaneous binding of the T-cell receptor and it 
coreceptor to specific peptide: MHC and of CD28 to B7.1 or B7.. 
uiggers the proliferation of T cells and ultimately their differentia 
tion into effector cells. These effector cells can now act on any cel 
displaying its specific peptide:MHC ligand, allowing effector 7 
cells to act on any cell in the body once activated (Fig. 15-5). 

The requirement for costimulation means that only those cell 
that can express costimulatory molecules can activate naive T cells 
Only a few cell types in the body appear to have this capacity nor 
mally, and these are cells that are concentrated in lymphoid organs 
the site in which naive T cells are initially activated by antigen. Tis: 
sue cells do not express costimulatory molecules. When a naive 1 
cell recognizes a peptide: MHC complex on a tissue cell, it tends t 
be inactivated by that encounter. This is important, because not al 
tissue antigens are expressed in sites of lymphocyte development 
and most specifically in the thymus, the site of T-cell development 
These T cells specific for peripheral self-antigens are not climi- 
nated, but they also are not activated when they encounter their 
specific antigen on a tissue cell, and this is important in avoiding 


FIGURE 15-5. T-cell activation requires the expression of antigen and a co- 
stimulatory molecule such as B7.1 or B7.2 on the same antigen-presenting 
cell (APC). The simultaneous signaling of the peptide: MHC complex to 
the T-cell receptor (TCR) and of B7.1 or B7.2 to CD28 induces clonal ex- 
pression of T cells and their differentiation into effector T cells. Effector T 
cells can be triggered to mediate their function, such as cell killing. in the 
absence of costimulatory signals on the target cell. Lymphocytes that 
encounter antigen in the absence of costimulatory signals may be rendered 
inactive or tolerant by signals received only through the T-cell antigen re- 
ceptor. 
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the induction of autoimmunity. Thus T cells may be rendered toler- 
ant either by deletion through recognition of ubiquitous self-anti- 
gens in the thymus or through inactivation by recognition of tissue- 
specific autoantigens in peripheral tissues. The requirement for 
costimulation also provides a second level of regulation of immune 
responses, not only through the presence or absence of antigen, but 
also through the expression or lack of the costimulator on a given 
cell. 


EFFECTOR FUNCTIONS OF ACTIVATED T CELLS 


We have already mentioned that CD8 T cells differentiate into cy- 
totoxic effector cells, able to kill any cell expressing specific pep- 
tide: MHC class I complexes on the cell surface. The main function 
of cytotoxic T cells appears to be to eliminate cells that are infected 
with viruses. Viruses replicate in the cytosolic compartment of host 
cells, and peptides deriving from the viruses are presented by MHC 
class I molecules to CD8 T cells. The killing of these infected cells 
eliminates the site of viral replication, thus contributing to the 
clearance of viral infections. The cell must be killed, because cells 
have no internal means for destroying viral genomes they harbor. 
CD8 T cells also produce interferon-y, which can inhibit viral 
replication, and this is also an important mechanism in controlling 
viral infection. 

CD4 T cells, by contrast, are specialized to activate cells ex- 
pressing peptide associated with MHC class II complexes. MHC 
class II molecules are expressed mainly by specialized effector cells 
of the immune system, including macrophages that are infected 
with vesicular bacteria or have ingested them, and B lymphocytes 
that bind antigen and can be activated to produce antibody. The 
CD4 T cells that activate macrophages make small proteins known 
as cytokines that mediate their effector function, and these are 
distinct from the cytokines made by the CD4 T cells that activate 
B cells. These two cell types. known respectively as Th] and Th2, 
mediate cell-mediated and humoral immunity, respectively.'*:'? 


EVIDENCE FOR AUTOIMMUNE DESTRUCTION 
OF PANCREATIC B CELLS IN TYPE 1 DIABETES 


As described at the start of the chapter, there is extensive evidence 
suggesting immunologically mediated destruction of pancreatic B 
cells in type | diabetes. Inflammatory cell infiltrates have been 
demonstrated in the islets of patients who have died at the time of 
clinical diagnosis of diabetes.7°?! This lymphocytic infiltrate is of 
mixed lineage, containing macrophages and both CD4 and CD8 T 
cells.” Thus it is assumed that the inflammatory infiltrate is related 
to the destruction of R cells and is in fact driven by the recognition 
of B-cell autoantigens, because in the absence of B cells found in 
long-term diabetic patients, no infiltrate is observed. 

This idea was given significant impetus by the results of identi- 
cal twin hemipancreas grafting.” Hemipancreatic grafts from an 
identical twin who did not have diabetes into a sibling who had 
been diagnosed with TIDM many years previously led to almost 
immediate normalization of blood glucose. However, in the ab- 
sence of immunosuppressive drugs, B-cell function was lost rap- 
idly after grafting as B cells were destroyed. The loss of cells was 
accompanied by an islet infiltrate dominated by CD8 T cells, and 
selective B-cell destruction was observed in the grafted tissue.” 
This destructive process could be inhibited by standard immuno- 


suppressive drugs such as cyclosporin A. The process was B-cell 
specific in that other cells in the islet, the exocrine pancreas, and 
frequently a syngeneic renal graft were all maintained without any 
sign of inflammation. 

Another sign of the involvement of autoimmunity in the patho- 
genesis of T1DM is the finding of numerous autoantibodies to dif- 
ferent proteins found in B cells. The earliest antibodies to be de- 
tected were to islet cells,*”° although the molecules that these 
antibodies recognized were not known. Subsequently, detection of 
specific autoantibodies in prediabetic and newly diagnosed patients 
with diabetes has given us clues to the nature of the autoantigenic 
targets. These included proteins such as insulin,” glutamic acid de- 
carboxylase (GAD),”**° and more recently, the tyrosine phos- 
phatase IA-2/ICA512.*°*! Others have also been identified, such as 
bovine serum albumin, insulin receptor, sialoglycolipid, glucose 
transporter, hsp 65, carboxypeptidase H, 52-kd protein, and 150-kd 
protein, as reviewed in reference 32. 

Because a major role for CD4 cells is to “help” B cells produce 
antibodies, the production of autoantibodies against proteins found 
in B cells strongly suggests that helper CD4 T cells specific for 
peptides contained within these proteins are also activated as part 
of the diabetic process. Because patients frequently make several 
different antibodies to distinct proteins, it is likely that the helper 
CD4 T-cell response in diabetes is quite diverse. However, because 
the only cells available for study in diabetes in humans are periph- 
eral blood lymphocytes and the quantity of cells likely to be in- 
volved in pathogenesis is small, it is difficult to investigate the 
specificity of potentially pathogenic cells. Nevertheless, it has been 
possible to clone CD4 T cells to putative autoantigens in humans 
such as to insulin? and IA-2.™ but the pathogenicity of these cells 
has not been established. Although much less studied, there is in- 
creasing evidence that CD8 T cells may also be equally important, 
and the presence of cytotoxic CD8 T cells reactive to GAD has also 
been shown in recently diabetic patients.” 

The final evidence that diabetes is an autoimmune disease is 
the linkage of susceptibility to genes in the MHC.” The data link- 
ing type l diabetes to MHC are strong, but in humans there is no 
conclusive direct evidence that the susceptibility gene is, in fact, an 
MHC glycoprotein. Much work has concentrated on the HLA-DQ 
molecules as being crucial for susceptibility to TIDM, but these 
data are not conclusive. It is interesting, in this context, that certain 
DQ alleles are highly protective against type 1 diabetes.” This fur- 
ther suggests that the pathogenesis of T1DM involves CD4 T cells. 
However it is clear, in consideration of susceptibility to disease, 
that larger haplotypes that include the MHC class I molecules are 
important,*” and although there is no direct evidence, this has im- 
plications for the role of CD8 T cells. Nevertheless, the precise 
roles of MHC molecules and of T cells in B-cell destruction in hu- 
mans remain to be elucidated. It may ultimately be possible to 
begin to study the direct role of these molecules in the future with 
the development of “humanized” animal models, such as those ex- 
pressing human MHC molecules. + 


EVIDENCE FROM ANIMAL MODELS THAT TYPE 
1 DIABETES IS AN AUTOIMMUNE DISEASE 


A number of animal models exist for type 1 diabetes. The two 
that are most extensively studied are the spontaneous type | dia- 
betes that occurs in BB/W rats? and nonobese diabetic (NOD) 
mice.” Type 1 diabetes in these two animal models is sponta- 
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neous. The disease occurs in the majority of individuals, is 
strongly controlled by genes mapping to the MHC, is transferable 
with T cells, and is prevented by T cell depletion. T-cell re- 
sponses in NOD mice of various ages have been shown to a num- 
ber of putative autoantigens." The incidence of disease in 
NOD mice is also altered by a variety of genetic and immuno- 
logic manipulations.” The BB rat is rather less susceptible to 
these manipulations. Autoantibodies are produced in NOD mice 
to GAD” and insulin,*® although this is not universally found in 
all NOD mouse colonies. Although much of what we believe 
about autoimmunity in type 1 diabetes comes from studying ani- 
mal models, it is clear that no single animal model is a faithful 
mimic of the human disease, and so all studies with these models 
must be viewed as possible explanations for the human disease 
that need to be confirmed by direct study of the disease in hu- 
mans. More recently, mouse models have been developed in 
which an antigen is expressed as a transgene in the pancreas and 
T cells recognizing this antigen are also expressed transgenically 
in the mouse and these mice have provided important in- 
sights.’?*° As mentioned above, the development of “humanized” 
animal models expressing human MHC molecules*”*! may well 
be important in the future. 

Although much of the early information about the autoimmune 
pathogenesis of TIDM came from studies of the BB/W rat and 
these data have been available for a longer period of time, more ex- 
tensive studies have now been carried out using the NOD mouse. 
Moreover, one of the major contributory factors to type 1 diabetes 
in the BB/W rat is a gene that creates a lymphopenic state. Al- 
though this gene is not essential for diabetes in the BB/W rat, it 
does contribute to susceptibility. As lymphopenia is not associated 
with human type | diabetes, this particular characteristic may make 
studies in the BB/W rat less relevant than those in the NOD mouse. 
Thus this discussion will focus mainly on the NOD mouse. 

The NOD mouse was originally produced as part of a genetic 
experiment that involved crossing several mouse strains to produce 
an animal with a high degree of susceptibility to cataracts.>' In the 
process of this breeding, mice with a high incidence of type 1 dia- 
betes were produced. This line has now been bred to homozygosity 
and named the nonobese diabetic (NOD) mouse strain. The inci- 
dence of diabetes varies from one colony to another, but under ex- 
cellent conditions of housing, type | diabetes begins to appear 
around 3-4 months of age, and by 6 months over 90% of the 
females and up to 60% of the males will have developed type 1 
diabetes.” 

The genetics of type 1 diabetes in the NOD mouse are com- 
plex, involving many genes. The single genetic factor that ap- 
pears to be most important is the MHC, although there are at least 
17 other regions that have been identified in the genome which 
may contribute to susceptibility. The MHC genotype of the NOD 
mouse is denoted H-2®’, and mice that are homozygous H-2% have 
a high incidence of type | diabetes, although this is clearly not the 
only susceptibility factor. NOD mice expressing even a single hap- 
lotype of a different MHC genotype are almost completely pro- 
tected from developing T1DM. There appear to be a number of 
components of the unique H-2®’ haplotype that contribute to sus- 
ceptibility to T1DM. First, as in many other mouse strains the I-Ea 
chain, the mouse equivalent to the human HLA-DR ea chain, is mu- 
tant, and thus the I-E MHC class II molecule equivalent to HLA- 
DR is not expressed in NOD mice. NOD mice transgenic for a nor- 
mal Ea-chain gene are fully protected from type | diabetes.“ This 
is reminiscent of the protective effect of some HLA haplotypes for 
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human T1DM, and clearly identifies a single protective gen 
Secondly, the I-A®’ molecule, the mouse equivalent of HLA- 
also unique,” and it has been shown that changing a single 
acid at either position 56 or 57 of the I-A®’B chain can rendei 
mice diabetes-resistant when the gene is inserted as a transg 
Interestingly, position B57, which is aspartic acid in all 
mouse I-AB chains, is serine in the NOD mouse. This is sim 
the finding that DQB chains with aspartic acid at position 5’ 
to be negatively associated with susceptibility to TIDM in 
casian patients.’ Biochemically, there is considerable simi 
between I-A®’ and DQA1*0301/DQB1*0302, the HLA-DQ | 
cule most strongly associated with diabetes in humans.” Th 
that alleles at MHC class II loci influence susceptibility to t; 
diabetes also suggests that CD4 T cells play an important 
either in the pathogenesis of type 1 diabetes or in prote 
against type 1 diabetes. This might be associated with qualit 
differences in T-cell responses to putative B-cell autoantigen: 
may affect insulin-dependent diabetes mellitus by altering the 
ance of cytokines produced by B-cell autoreactive T cells.’ } 
direct evidence for the role of MHC class II molecules is begin 
to emerge from the mouse model that has the human MHC cle 
molecule most closely associated with diabetes, nan 
DQA1*0301/DQB1*0302, previously called DQ8, expressed 
transgene instead of mouse MHC class II molecules,*' in add: 
to a transgene directing the expression of the costimulatory m 
cule B7.1 in the pancreas. These mice develop spontaneous 
betes. Although the precise role of the MHC in this process, < 
human T1DM, is not yet established, the data from transgenic 
periments established that it is the MHC loci themselves that 
critical for disease susceptibility. 

There is also increasing evidence that MHC class I molecules 
important in the NOD mouse. The CTS strain of mice that is relate 
NOD mice has an identical MHC class lI region to NOD mice, but: 
fers atone of the MHC class I loci, D” in the NOD mouse and D™ in 
CTS strain,® and these mice have a much lower incidence of diabe 

Prior to the onset of type 1 diabetes in NOD mice, histopat 
logic analysis of pancreatic islets of Langerhans reveals an extens 
peri-insulitic infiltrate of mononuclear cells, and in some islets 
invasion of the islet parenchyma and its apparent destruction by 
lymphocytic cells. B-cell destruction is only observed in islets t. 
are invaded by mononuclear cells; islets that are surrounded by ly 
phocytes but are not invaded do not show destruction. This argu 
against a diffusible agent being responsible for B-cell destructic 
and favors a direct contact mechanism. The infiltrating cells cons 
of macrophages, dendritic cells, Blymphocytes, CD4 T cells, a 
CD8 T cells. 

There is strong evidence for involvement of T cells in the d 
struction of pancreatic B cells in type 1 diabetes, and it is likely th 
both CD4 and CD8 T cells play critical roles. NOD mice carrying 
mutation that produces severe combined immunodeficien 
(SCID) and that lack lymphocytes, or mice with a mutation suc 
that they do not produce T cells, never develop T1DM, implicatir 
T lymphocytes in the process. Such mice do develop diabetes whe 
they are adoptively reconstituted with lymphocytes. Adopti 
transfer can be carried out with bone marrow-derived stem cells, i 
which case diabetes takes months to develop, or with splenic 
cells from recently diabetic syngeneic mice, in which case diabete 
develops within 3—4 weeks. The acute adoptive transfer of type 
diabetes with splenic T cells generally requires both CD4 and CD 

T cells." The involvement of MHC class II genes strongly imp! 
cates CD4 T cells in the process. In addition, using anti-CD4 ant 
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bodies, in the absence of CD4 T cells, insulitis also does not appear 
to any great extent and diabetes does not develop. However, mice 
that lack MHC class I molecules due to a mutation in the B» mi- 
croglobulin gene, and that have very few CD8 T cells, do not de- 
velop insulitis or diabetes.** In addition, studies in which anti- 
CD8 antibodies were injected into young prediabetic NOD mice 
(before the age of 5 weeks) found that they completely prevented 
insulitis and diabetes.°’ Thus CD8 T cells also play an early role in 
the pathogenesis of type 1 diabetes. However, the manner in which 
cells interact and the CD4 and CD8 T-cell responses required to 
mediate this complex process in the natural history of disease need 
still to be determined. 

In the effort to characterize the immune response that damages 
the islets in animal models, isolated cloned T-cell lines from the in- 
filtrate of the islets and from spleen have been useful tools. Cloned 
CD4 or CD8 T cells, like diabetic spleen cells, have been able to 
transfer disease.” In the case of CD4 T cells, it is likely that cells 
recruited from the recipient provide the required CD8 T cells, al- 
though there are clear examples of single populations of both CD8 
T cells” and CD4 T cells that are able to transfer disease when 
given alone.” Initially, T-cell clones from diabetic spleens that re- 
spond to unknown islet antigens, both CD4 and CD8,”' were iso- 
lated. More recently, pathogenic CD4 T-cell clones have been iso- 
lated that respond to putative autoantigens—insulin’”” and GAD.” 
Highly damaging CD8 T cells isolated from the islets of young 
NOD mice also recognize insulin,’* although there are other patho- 
genic cells present in the islets of young mice that have other speci- 
ficities,’> and these differ from those of CD8 T cells isolated from 
diabetic mice.’”' The cloned T cells from the early infiltrates of 
NOD mice provide direct evidence that insulin is an important tar- 
get for both CD4 and CD8 T cells and is the only islet B-cell- 
specific antigen identified to date. There is also clear evidence for 
GAD as an autoantigen in this mouse model, although some of it is 
controversial. There has been much debate about whether a single 
autoantigen is involved in the initiation of disease, but at present 
there is no clear evidence, and it is possible that more than one 
antigen may be a target from the earliest phases of disease. 


AUTOIMMUNE PROCESS INITIATION 


The normal interaction between the immune system and self- 
tissues is described as tolerance, the absence of response against 
self. We have already discussed how tolerance to ubiquitous self- 
antigens is mediated by deletion of immature T lymphocytes, while 
tolerance to tissue-specific autoantigens may be mediated by anti- 
gen-specific inactivation of T cells that encounter these antigens in 
the periphery. If autoimmunity represents a failure of self-tolerance 
mechanisms, which of these mechanisms fails in type | diabetes? 
There is some suggestion, {rom the human studies and also 
from the NOD mouse, that autoreactive cells may be selected 
rather than deleted in the thymus because there are antigen- 
presenting cells in the thymus that are able to present peptides of 
self-antigen such as insulin.”~”’ It has been postulated that one rea- 
son for selection of autoreactive T cells by particular MHC class II 
molecules, such as I-A*” in the mouse, is that these molecules with 
their peptide ligands are unstable and therefore stimulation of T 
cells may not be sufficient to induce negative selection.” Similarly, 
this may apply to the MHC class II molecule most closely associ- 
ated with diabetes: HLA-DQA1*0301/DQB1*0302.” In the case 
of CD8 T cells selected by self-peptides in the context of MHC 


class I, autoreactive cells may recognize peptides that bind to the 
MHC with low affinity, and the concentration of peptide present in 
the thymus may be insufficient to stimulate deletion. This is one 
possible mechanism for the selection of autoreactive CD8 T cells 
that recognize an insulin peptide that binds very poorly to the MHC 
class I molecule K*.”* 

Peripheral mechanisms of tolerance that protect against autore- 
active T cells are clearly important. It is possible that autoantigens 
are normally ignored by the immune system. That is to say, the au- 
toantigen is expressed on tissue cells in a form that is recognizable 
by lymphocytes, and lymphocytes specific for that autoantigen are 
present but are neither activated nor rendered tolerant. Stimuli that 
activate T cells specific for these autoantigens can trigger autoim- 
mune processes that then target the tissue itself. A particularly clear 
example of this is the use of mice transgenic for a viral protein 
driven by the rat insulin-1 promoter. This leads to expression of the 
viral protein in pancreatic B cells but does not cause disease. T cells 
from the transgenic animals are not tolerant to the viral protein. 
When mice are infected with this virus, the potent antivirus re- 
sponse also causes destruction of pancreatic B cells that express the 
transgene product.*”” Thus the mouse is ignorant of the presence 
of the transgene-encoded viral antigen and is operationally tolerant 
until infected by the virus. This suggests that autoantigens may be 
relatively unique among selt-proteins in being expressed too 
poorly to induce any kind of tolerance, yet expressed well enough 
to be the target of immune attack. 

Most thinking about the induction of autoimmunity has impli- 
cated infection as playing a central role. Infection could provoke 
autoimmune responses in a number of different ways. In the exam- 
ple just cited, the autoantigen is exactly reproduced by a viral anti- 
gen. It has been hypothesized that viruses or bacteria could carry 
peptides sufficiently similar to self-peptides to trigger autoimmune 
responses. This mechanism is referred to as molecular mimicry.* 
Alternatively, inflammatory responses generated against pathogens 
could release normally sequestered autoantigens from inside cells 
or behind tissue barriers, and thus lead to a direct autoimmune at- 
tack. It has also been suggested that damage may be caused by a by- 
stander mechanism.*' A study using transgenic mice had suggested 
that diabetes induced by Coxsackie virus infection could be a di- 
rect result of local infection, leading to inflammation, tissue dam- 
age, and the release of sequestered islet antigen resulting in the res- 
timulation of resting autoreactive T cells. Finally, pathogens are 
known to be able to induce potent costimulatory activity on antigen- 
presenting cells that are otherwise costimulator negative. Thus the 
pathogen could trigger expression of costimulatory molecules on 
tissue cells that do not normally express them. In this regard, the 
expression of the B7.1 costimulator as a transgene product on pan- 
creatic B cells, together with a permissive genetic background, 
greatly accelerates autoimmune disease in NOD mice.*? However, 
no direct evidence for ectopic expression of costimulator mole- 
cules in diabetes has been shown.** 

Most recently, it has been suggested that normal apoptotic 
processes involved in the early remodeling of the pancreas may 
play a role in triggering the development of diabetes.** There is a 
wave of apoptosis occurring 2 weeks after birth, and this is in- 
creased in rodent models that are prone to diabetes. Under normal 
circumstances, it is not thought that apoptosis would trigger im- 
mune responses. However, it has recently been shown that the 
highly specialized antigen-presenting dendritic cells are able to 
take up antigens released by apoptosis and prime cytotoxic T cells. 
Perhaps the permissive environment that is encoded by genes other 
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than those in the MHC that are also important in susceptibility may 
play a role. This mechanism, however, is still speculative. 

In conclusion, the autoimmune process in general appears to 
be triggered by some insult, such as an infection, that upsets a form 
of tolerance known as immunologic ignorance. The autoimmune 
response is probably initiated by such an insult. 


SUSTAINING AUTOIMMUNE RESPONSES 


Most human autoimmune diseases, such as multiple sclerosis, 
rheumatoid arthritis, and type 1 diabetes, are chronic progressive 
conditions. Longitudinal studies of individuals at risk of develop- 
ing type | diabetes have suggested that the autoimmune attack 
takes several years to destroy sufficient B-cell mass to produce 
overt diabetes.' Likewise, in NOD mice, the autoimmune process 
leading to type 1 diabetes takes at least 3 months to reach comple- 
tion. These observations suggest that the autoimmune attack must 
be sustained over long periods of time. Thus, even if a viral infec- 
tion triggered an initial attack on pancreatic B cells, responses to 
the autoantigen itself are likely to be required for the production of 
clinica] illness. The tempo of these initial diseases stands in sharp 
contrast to the tempo of B-cell destruction in human recipients of 
identical twin hemipancreatic grafts, in which all B cells in the 
graft can be destroyed within 6 weeks, or to adoptive transfer of T 
cells from recently diabetic NOD mice into nondiabetic, immunod- 
eficient recipients, in which case all mice become diabetic within 
3—4 weeks. Moreover, this adoptive transfer requires only a few 
percent of the T cells in the diabetic donor for complete pene- 
trance. 

These findings suggest that the autoimmune process is nor- 
mally restrained by mechanisms that protect the target tissue or 
prevent the development of the autoimmune response. More direct 
evidence for such restraining cells has been obtained in adoptive 
transfer experiments using either cell populations or cloned T-cell 
lines that inhibit the development of type | diabetes in NOD 
mice®*-®* similar results have been reported in several other au- 
toimmune diseases. Some of these cells have been cloned directly 
from islets**** or from pancreatic lymph nodes,** suggesting that 
their locus of action may be within the islets themselves or locally 
in the draining nodes. It is not clear how these regulatory popula- 
tions may be exerting their action. Much interest has centered 
around the fact that “protective” cells may produce cytokines such 
as transforming growth factor-B (TGF-B).***? However, there may 
be other populations producing cytokines that play a protective role 
such as IL-10, identified as protective in inflammatory bowel dis- 
ease.” In addition, it has been suggested that NOD mice may be 
deficient in a regulatory population of cells, called natural killer 
(NK) T cells, that produce large quantities of IL-4.?!~*? This defect 
has also been reported in BB rats”’ and suggested in the affected 
twin of identical twins nonconcordant for diabetes.” Thus the 
autoimmune process can be viewed as a balance between effector 
T cells engaged in B-cell destruction and the protecting T cells that 
are engaged in restraining the effector cells. 

These findings are important because they suggest that the 
outcome of the autoimmune process is determined by the balance 
between two sets of activatable lymphocytes. If one could artifi- 
cially activate a set of protective cells, then type 1 diabetes might 
be prevented, as outlined in the next section. On the other side, 
how do the attacking cells sustain their attack on tissue in the face 
of these regulatory influences? This is still poorly understood. 
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However, one possibility is that the initial attack on a B cell is 1 
cused on a single autoantigen. Such responses are relatively ea 
to regulate, as few T cells are involved, and the process may be t 
minated at this point. It has been hypothesized that diversificati: 
of the autoimmune process is essential for its progression. If dive 
sification outstrips regulation, then disease results; by contrast, 
the protective influences shut the response down prior to its dive 
sification, they may be dominant. These issues are just beginni) 
to be explored. 


IMMUNOLOGIC APPROACHES 
TO PREVENTION OF TYPE 1 DIABETES 


If type 1 diabetes indeed represents an autoimmune T-cell attack ¢ 
the B cells of the pancreatic islets of Langerhans, as all available e 
idence suggests, and if disease becomes manifest only after the m. 
jority of B-cell mass is lost, then it is clearly crucial that we approac 
this disease with the idea of preventing its occurrence. Numerot 
strategies have been suggested for doing this. For instance, immun 
suppressive drugs had been advocated in the past, but clinical tria 
had shown only short-term benefit and the toxicity associated wit 
long-term use of drugs such as cyclosporine A make their use unter 
able. More recently, various other forms of immunomodulation hav 
been suggested. In the NOD mouse, it had been shown that monc 
clonal antibodies directed at the T-cell receptor complex—nonde 
pleting anti-CD3 antibodies—were able to reverse diabetes whe 
given after the disease had manifested.°©*”’ This method has bee 
modified to humanize the antibodies and is currently in clinical trial 
in patients who have very recently been diagnosed with diabetes. 
However, it would be even more attractive to prevent disease < 
a much earlier stage in pathogenesis, before any significant damag 
is done to the islets. Many different strategies involving administra 
tion of putative autoantigens via a number of different routes hav 
shown the ability to protect against diabetes in the NOD mouse.* 
These are not all applicable in other animal models of diabetes and i 
is likely that many will not be viable in humans. However, the ex 
planation for the fact that many of these strategies work is the abilit: 
to generate cells that have protective qualities. For example, NOL 
mice have been fed insulin and type 1 diabetes induction was inhib 
ited.***° This was attributed to the induction of cells producing the 
cytokine TGF-8. Other studies have used insulin administerec 
nasally, and protection is thought to arise through the generation o; 
another subset of protective T cells known as gamma-delta 1 
cells.‘ It may not be possible to generate protective immunity 
using antigens that are direct targets of the autoimmune attack be- 
cause there is no way of knowing when autoimmunity has been ini- 
tiated. While it is clear that we know much about the generation of 
protective immunity against pathogens—we have considerable abil- 
ity to vaccinate to generate immune responses against exogenous 
(non-self) antigens—much less is known in humans about how to 
alter or turn off immune responses that are already underway. Alter- 
natively, it may be necessary to generate “bystander suppression” to 
antigens that are not direct targets of the autoimmune response. This 
has been shown in principle by the ability to protect against diabetes 
in the mouse model expressing viral protein in the pancreas that de- 
velops diabetes on viral infection.'”' In these mice, administration 
of insulin, but not viral peptides, was able to protect against disease. 
One of the major problems associated with all of these ap- 
proaches is that they require the identification of individuals at risk 
of developing diabetes. There are two great difficulties associated 
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with this. First, most cases arise sporadically and not in families, 
making their identification particularly difficult. Second, our abil- 
ity to predict which individuals will or will not get TIDM is still 
very imperfect, even using both genetic and immunologic markers. 

The ideal approach would be one that could be given to all of 
the population, as it avoids the problem of identifying individuals at 
risk. For this approach to work, it must be inexpensive, essentially 
nontoxic, and highly effective. Based on the preceding description 
of the autoimmune process as a balance between attacking and pro- 
tecting cells, the most likely candidate for prevention of TIDM at 
the present time is a vaccine that selectively immunizes cells that 
protect the pancreatic B cells from autoimmune attack. Although 
this may seem a farfetched goal. the results obtained to date in ani- 
mal models suggest that targeting an immunologic response to a 
particular tissue can protect that tissue from autoimmune attack. 
This does not require a sophisticated analysis of the natural means 
of protection, as protection appears to be tissue- rather than antigen- 
specific. A far better understanding of the process by which regula- 
tory immune responses protect target tissues is required before this 
practice can be made more rational. A reliable means of vaccination 
against autoimmunity that gives sustained protection would be 
highly desirable, although whether this can be achieved practically 
remains to be determined. The ability to identify individuals at risk 
within families will be crucial to the development of such therapies, 
as ethical testing of these preventive measures will require their use 
initially on individuals at high risk of developing T1DM. 


SUMMARY 


Available data suggest that insulin-dependent diabetes mellitus is 
an autoimmune disease that targets the B cells of the pancreatic 
islets of Langerhans. The precise mechanism by which 8 cells are 
destroyed in type | diabetes is not known, but it clearly involves an 
adaptive immune response by T lymphocytes. We are beginning to 
understand how the response is initiated, sustained, and regulated. 
What is particularly encouraging is the finding that type | diabetes 
is not an unrestrained attack on ß cells, but rather involves regula- 
tory influences of T lymphocytes, at least in experimental animal 
studies. This suggests a potential means of preventing TIDM 
through the selective activation of these restraining or protective 
T lymphocytes. The major goal in studying the pathogenesis of 
T1DM is to understand how the 8 cells are destroyed and how the 
process might be specifically inhibited. The latter is clearly the 
more important goal, as it holds the key to prevention of type 1 di- 
abetes. We envision that disease prevention will require the devel- 
opment of a vaccine to stimulate regulatory cells that protect pan- 
creatic B cells from destruction. This is based on the historic 
success of immunology in vaccinating specific sets of lympho- 
cytes, and its historic failure to restrain specific responses by im- 
munosuppressive drug therapy. To date, little is known about how 
the immune response regulates itself, and this is even more true in 
complex processes like autoimmune diseases. Nevertheless. pre- 
liminary studies encourage one to hope that such measures may be 
available in the future. 
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CHAPTER 16 


Diabetes in Animals: Contribution to the Understanding 
of Diabetes by Study of Its Etiopathology in Animal Models 


Eleazar Shafrir 


Animal models of diabetes, guidelines for their use in investiga- 
tion, and principles for their classification have been outlined in the 
fourth and fifth editions of this textbook. In the new sixth edition, 
the information on various forms of animal diabetes is expanded 
and updated and new species with diabetes are introduced. In dis- 
cussing the accrued knowledge, emphasis is placed on its relevance 
to the pathogenesis of human diabetes. The reader interested in an- 
imals extensively investigated in the past should consult Chap. 20 
of the fourth edition and Chap. 18 of the fifth edition. During recent 
years some new books and articles on diabetes in animals have ap- 
peared," which contain additional information. Table 16-1 sum- 
marizes the animals with diabetes in the order that they appear in 
the text. 


DIABETES INDUCED BY CYTOTOXINS SPECIFIC 
FOR B CELLS 


Alloxan, a pyrimidine structurally similar to uric acid and glucose, 
and streptozocin (STZ), which may be considered glucose with a 
highly reactive nitrosourea side chain (Fig. 16-1), are selectively 
toxic to B cells. Their molecular similarity suggests a common site 
of cytotoxic attack. The elucidation of the mechanism of action of 
these compounds is important for understanding the destructive 
processes in B cells in general and for assessing environmental 
dangers to the endocrine pancreas. 


Alloxan 


Alloxan is highly unstable in water at neutral pH, but reasonably 
stable at pH 3. Other uric acid derivatives, dehydrouramil hydrate, 
4,5-dihydro-4,5-dihydroxyuric acid, and 5-hydroxypseudouric 
acid, are also diabetogenic. It has been suggested that alloxan 
metabolites may be involved in human diabetes; however, no dia- 
betogenic uric acid metabolite has been found in humans except for 
one report’ of increased levels of alloxan in blood from children 
with type 1 diabetes mellitus (T1DM). 

Alloxan is rapidly taken up by 8 cells and has a direct effect on 
membrane permeability. Morphologic abnormalities suggest dis- 
ruption of the B-cell membrane. There is evidence that alloxan acts 


TABLE 16-1 Animals with Various Forms of Diabetes 


Animals with B Cells Destroyed by Chemical Cytotoxins 
Alloxan 
Streptozocin (single dose) 
Streptozocin (multiple subdiabetogenic doses) 
Animals with Autoimmune Diabetes with Spontaneous Onset Causing 
B-Cell Loss 
BB rats 
NOD mice 
LETL rats 
Torri rat 
LEW.1ARI/ZTM-iddm rat 
Genetically Altered Animals with Various Forms of Diabetes 
Insulin-Resistant Mutant Rodents with Diabesity 
C57BKs db mice (lepr”) 
C57BL6J ob mice (lep”’) 
Yellow A“ and A™” mice 
KK mice 
NZO mice 
Zucker fa rats (lepr“) and BBZ/Wor rats 
Zdf/Drt-fa rats 
Wistar-Kyoto diabetic/fatty rat group 
Corpulent rat group including SHR/N-cp, LA/N-cp, SHHF/Mcc-cp, 
JCR:LA-cp rats 
Rodents with Spontaneous Diabetes of Varying Etiology 
NON mice 
WBN/Kob rats 
eSS rats 
BHE/Cdb rats 
OLETF rats 
NSY mice 
Koletzky (SHROB) rats (fa*) 
Hypertriglyceridemic (HTG) rats 
Rodents with Overnutrition-Evoked Diabesity 
Psammomys obesus (sand rats) 
Acomys cahirinus (spiny mice) 
C57BL/6J mice 
Diabetic Rodents Isolated by Selective Breeding from Normal Pools 
GK (Goto-Kakizaki) rats 
Cohen sucrose-induced rats 
Diabetic Nonrodents 
Primates 
Dogs and cats 
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FIGURE 16-1. Molecular structures of alloxan, 2.4-5,6, tetraoxohexahy- 
dropyrymidinc. and streptozocin, 2-deoxy-2-(3-methy]-nitrosoureido)-b- 
glucopyranose. 


at the site of hexose transport, inhibits glucose-stimulated insulin 
release, and interferes with the generation of glucose-derived en- 
ergy by inhibiting glycolytic flux and pyruvate oxidation. Both glu- 
cose at high concentration and the nonmetabolizable 2-deoxy- and 
3-O-methylglucoses, which share the entry site. block the diabeto- 
genic action and restore insulin production. 

Malaisse® came to the conclusion that the deleterious effects of 
alloxan on permeability, transport, intracellular energy generation, 
and insulin secretion should be attributed to free radical formation. 
Alloxan is reduced within the cell to dialuric acid, which then au- 
toreoxidizes to alloxan. Superoxide radicals arise from the alloxan- 
dialuric acid cycle and are decomposed by the enzyme superoxide 
dismutase (SOD), producing H20». In the presence of Fe”* ions, 
extremely reactive OH radicals are formed, which can be visual- 
ized by chemiluminescence,” and damage various cellular con- 
stituents. Pretreatment of cells with SOD, catalase, and a host of 
nonenzymatic radical scavengers such as NAD or chelators of 
metal ions protects against alloxan injury. 

Boquist'” provided evidence that alloxan and STZ inhibit en- 
zymes of the tricarboxylic acid cycle and Ca?* -dependent dehy- 
drogenases in B-cell mitochondria, causing ATP deficiency, cessa- 
tion of insulin production, and cell necrosis. This toxicity 
mechanism is not an alternative, but rather parallel to that induced 
by the free radical lesion. This view is supported by Lenzen and 
coworkers,'!"'* who found that the mitochondrial aconitase and 
Ca** transport are inhibited by alloxan, and by the fact that dilti- 
azem, a Ca?* channel blocker. prevents alloxan diabetogenicity. 
Moreover, pretreatment with verapamil, a Ca*' antagonist, pre- 
vents alloxan toxicity and DNA strand breaks by reducing the in- 
tracellular influx of Ca**.'* 

Alloxan is most effective after IV injection in a dose of 40-45 
mg/kg, producing irreversible B-cell damage within minutes and 
structural changes within hours in most rodents, dogs, cats, rabbits, 
monkeys, sheep, cattle, fish, and birds. The response to alloxan 
may be divided into three phases: (1) initial hyperglycemia lasting 
~2 hours, probably due to liver glycogenolysis: (2) transient hypo- 
glycemia at about 6 hours, due to the release of insulin from dam- 
aged cells; and (3) permanent hyperglycemia, due to insulin defi- 
ciency, setting on after ~12 hours. The hypoglycemic phase may 
be quite severe and alloxan should not be given to fasted animals. 

Several treatments prevent the alloxan-induced B-cell damage 
in vivo, apparently by different mechanisms. Metabolic alkalosis 
induced with sodium bicarbonate or lactate prior to alloxan injec- 
tion is protective in rats, but when given after alloxan is not. Di- 
ethylthiocarbamate and disulfiram, which induce hyperglycemia, 
are protective when injected prior to alloxan, and so are glucose, 
mannose, or fructose, whereas leucine is active both before and 
immediately after alloxan. The mechanism of glucose protection 


is thought to be associated with GLUT-2, the B-cell membrane 
transporter, and intracellular metabolism. Pretreatment with mono- 
methyl, dimethyl, or monoethylurea, scavengers of OH radicals, 
completely blocks the action of alloxan, in keeping with in vitro 
observations that inhibition of OH radical formation protects 
against cellular lesions. Resistance or susceptibility to an alloxan- 
induced lesion has been observed by Matthews and Leiter'*!° in B 
cells of ALR/LT and ALS/LT mice, respectively, due to genes up- 
or downregulating the antioxidant cell capacity. 


Streptozocin 


The diabetogenic action of STZ destroys most islet B cells after a 
single injection. It is effective in different species-specific doses 
ranging from 25-200 mg/kg in rats, dogs, mice, hamsters, mon- 
keys, miniature pigs, pigs, and rabbits. It is more effective than al- 
loxan in certain species, such as guinea pig and Syrian hamster, 
which do not develop permanent hyperglycemia after alloxan. 
Even among different strains of laboratory rats and mice the effec- 
tive STZ dose may vary. The variation in susceptibility to STZ ap- 
pears to be related to the pharmacokinetics of the drug rather than 
to its direct effect on B cells. STZ-treated animals, though in- 
sulinopenic, retain some insulin-secretion capacity, are not ketotic, 
and do not usually require insulin support for survival. In fact, a 
mild diabetic state, resembling an insulin-poor type 2 diabetes 
mellitus (T2DM), may be induced in rats by a single low dose of 
~35 mg/kg STZ." However, rats tend to recover spontaneously 
after receiving doses <35 mg/kg. 

STZ is unstable in solution even at acid pH, and should be in- 
jected promptly after dissolution in citrate buffer at pH 5.0. Its in 
vivo life span is <15 minutes.'® As the result of the STZ insult, B 
cells degranulate but do not completely necrotize, and there is lim- 
ited proliferation ~4 days after STZ administration to rats. Ductal 
or acinar cells do not transform into B cells, suggesting that the 
proliferating cells derive from preexisting precursor B cells. 

An impressive body of knowledge on the mechanism of STZ 
diabetogenicity has been accumulated. Its nitrosourea moiety is re- 
sponsible for B-cell toxicity, while the deoxyglucose moiety facili- 
tates transport across the cell membrane. The a-anomer of STZ 
shows higher potency," parallel to the greater effect of the a- 
glucose anomer on insulin secretion, suggesting the involvement of 
a membrane glucoreceptor in B-cell penetration. STZ toxicity can 
be moderated by pretreatment with cortisol, perhaps by augment- 
ing the residual B-cell mass, or by injection of diphenylhydantoin 
prior to or 60 minutes after STZ. A short-term pretreatment with 
insulin prevents the STZ diabetogenicity.”° 

STZ reduces the cellular NAD content in several tissues, and 
this effect is particularly harmful for B cells as their NAD content 
is lower than in other tissues.”!”” Nicotinamide, the precursor of 
NAD, protects against STZ diabetes. The NAD depletion is linked 
to stimulation of the activity of the nuclear enzyme poly (ADP- 
ribose) synthase, which is involved in the excision and repair of 
broken DNA strands and requires NAD as substrate. This enzyme 
is inhibitable by nicotinamide and picolinamide, which prevent the 
STZ-induced DNA damage in vivo and help to maintain the NAD 
content and insulin biosynthesis in vitro. Both STZ and alloxan act 
by inducing DNA strand breaks first and poly (ADP-ribose) syn- 
thase activity subsequently. The profound decline in NAD occurs 
within minutes after the rise in synthase activity. 

A 2-chloroethyl analogue of STZ, chlorotocin, is also diabeto- 
genic and induces DNA strand breaks and DNA-DNA and DNA- 
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protein crosslinks.” Though no islet luminescence can be seen 
with STZ as with alloxan, the presence of OH radicals can be in- 
ferred from the beneficial effect of OH scavengers and/or inhibitors 
of poly (ADP-ribose) synthase. Nicotinamide exerts considerable 
protection as late as 2 hours after STZ administration but is effec- 
tive against alloxan only when given in advance. Poly (ADP- 
ribose) synthase inhibition alone, without adding OH scavengers, 
is sufficient to ameliorate STZ diabetogenicity, indicating that the 
enhanced activity of this enzyme is necessary for the toxic out- 
come. It is very likely that this action promotes DNA regeneration 
and the resumption of insulin synthesis. In addition to DNA cleav- 
age by OH radicals, the toxicity of STZ and of its analogue 1- 
methyl-1-nitrosourea (MNU) also results in alkylation of cell con- 
stituents without necessarily being lethal to cells. These nitroso 
compounds produce highly reactive diazonium and carbonium ions 
which are able to alkylate and carbamylate, apart from DNA, nu- 
merous cytosolic and mitochondrial enzyme proteins vital for en- 
ergy generation.” Because STZ produces a steeper fall in NAD 
than MNU, it is likely that the acute NAD loss is lethal to cells. 

Okamoto”'* postulated a uniform mechanism of alloxan and 
STZ action. This researcher considers fragmentation of B-cell 
DNA as the crucial event, caused by accumulation of superoxide 
and OH radicals and DNA alkylation with breaks in DNA strands. 
This also initiates the processes of excision and repair, involving 
the activation of poly (ADP-ribose) synthase and the associated 
NAD depletion. The NAD loss becomes irreplaceable and results 
in virtual cessation of NAD-dependent energy and protein metabo- 
lism, ending in cell necrosis. This unifying concept is supported by 
preventive effects of nicotinamide and OH scavengers, as men- 
tioned above. Such a mechanism may also apply to other B-cell de- 
structive processes in which there is evidence for generation of free 
radicals,” including autoimmune insulitis due to lymphocyte infil- 
tration. 

The likely reasons for the specific B-cell toxicity of alloxan 
and STZ are: (1) high affinity for the glucose-like moieties related 
to the exquisite sensitivity of B cells to glucose, raising the concen- 
tration of alloxan and STZ to levels higher than in other cells; (2) 
SH-groups in the B-cell membrane render it especially sensitive to 
oxidative lesion; (3) B cells have a low capacity for removal of ox- 
idizing radicals due to specific glutathione depletion and low glu- 
tathione peroxidase activity”; and (4) the NAD:DNA ratio in 
islets is lower than in other tissues, about one-half of that in the 
liver. 

Another phenomenon associated with STZ diabetes is the high 
frequency of tumors in pancreatic islets, particularly when the STZ 
toxicity is mitigated by concomitant administration of nicotinamide 
or poly (ADP-ribose) synthase inhibitors.”°?? Okamoto”'”* sug- 
gested that the inhibition of DNA repair may cause abnormal DNA 
recombination, resulting in the formation of tumor-inducing genes. 
An oncogene was discovered that was expressed in B-cell tumors 
and was named rig for rat insulinoma gene.*°*! It is of interest that 
the same gene was expressed in a BK virus-induced hamster insuli- 
noma and in a spontaneous human insulinoma.”!*! 

The discovery of an oncogene that may be unique to B cells ap- 
pearing subsequent to prevention of cytotoxic assault led to the 
study of B-cell replication in pancreatectomized rats. This diabetes 
model is characterized by an exhaustion of insulin production, to- 
gether with marked hypertrophy of the remaining islets. When 
these rats receive poly (ADP-ribose) synthase inhibitors starting 7 
days before pancreatectomy, the glucosuria and glucose tolerance 
improve, islet hypertrophy is reduced, and the granulated B-cell 
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mass increases in the pancreas remnant, compared with pi 
createctomized nontreated rats. Okamoto™™?”? constructed fr 
pancreas remnants a poly (A)'RNA-derived cDNA library and i: 
lated a reg (regeneration) gene. The reg gene is expressed only 
islets of pancreatectomized, nicotinamide-treated rats, and is 1 
present in control islets or in regenerating liver, brain, kidneys, a 
insulinoma. The reg gene, probably specifically regulating B-c 
proliferation, was also isolated from hyperplastic islets of g 
thioglucose-treated NON mice (described later) and a reg hor 
logue was found in the human pancreas. The reg gene has be 
cloned and shown to induce B-cell replication in cultured islets a 
in the pancreas remnant of pancreatectomized rats.” 


METABOLIC AND ENDOCRINE CHANGES 
IN ALLOXAN- AND STZ-DIABETIC ANIMALS 


Glucose Metabolism 


Hepatic glucose production and the activity of the rate-limiting e 
zyme phosphoenolpyruvate carboxykinase (PEPCK) are increas: 
because of lack of control in the virtual absence of insulin. R 
duced glucose utilization and lipogenesis are typical outcomes 
insulinopenic diabetes induced either by alloxan or STZ. This 
due to well-documented inhibition of expression of regulatory e 
zymes of glycolysis and lipogenesis and not to a direct effect of tl 
toxins. An increased flow of glucogenic precursors, such as lacta 
alanine or glycerol, from muscle and adipose tissue elevates the h 
patic glucose production. 

Similarly, changes typical of the absence of insulin are ey 
dent in glycogenolysis and glycogenesis through the effects « 
interconversion of active-inactive forms of glycogen syntha 
and phosphorylase in the direction favoring glycogen breakdow 
A characteristic outcome is the subnormal hepatic glycogen co 
centration in the fed state and higher than control levels in tl 
fasting state. In several insulin-independent tissues glycogen pz 
adoxically accumulates (kidney, intestine, and placenta).??* Th 
is related to intracellular accumulation of glucose-6-phosphal 
an allosteric activator of glycogen synthase in the absence of i 
sulin. 

Increased intestinal mass and nutrient absorption are typical 
diabetic hyperphagia, evident in STZ- and alloxan-treated rat 
There is an elevation in the intestinal brush border membrane h 
drolases active in hexose transport. This may result from e 
hanced specific enzyme synthesis, or intestinal proliferation, 
both. There is an overexpression of intestinal GLUT-2 ar 
GLUT-5.*° 


Protein Metabolism 


Alloxan- and STZ-diabetic animals have a negative nitrogen be 
ance related to enhanced proteolysis in muscles and other tissu 
and to reduced protein synthesis. Growth failure is also due to tl 
reduced production of growth factors and increased growth facto: 
binding protein. ”®™ Proteolysis is effected both by a rapid mech 
nism and a slow, long-lasting activation of a myofibrillar proteas 
which is only gradually abolished by insulin.” The STZ-induce 
diabetes results in the decrease of collagen synthesis, which e 
ceeds the negative total protein balance in the muscle.*’ Protein c 
tabolism and flow of amino acids to the liver feed the gluc: 
Neogenic pathway and accelerate ureagenesis. STZ diabetes 
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associated with partial loss of hepatic endoplasmic reticulum and 
of lysosomes, probably related to the enhanced autophagia.*” 


Lipid Metabolism 


Alloxan- and STZ-diabetic rats excessively mobilize free fatty 
acids (FFAs) due to the rise in adipose tissue lipase activity with re- 
sultant vigorous muscle and liver FFA oxidation. The activity of 
camitine acyl CoA transferase, regulating the transport of fatty 
acids into the mitochondria, is elevated in rat liver and kidney, 
whereas the concentration of malonyl CoA, the regulator of acyl 
CoA entry into mitochondria, is lowered.** This is less evident in 
obese rats. They are also characterized by elevated FFA transport, 
but their hyperinsulinemia abrogates fat oxidation. In diabetic ani- 
mals the ratio of FFA oxidation to esterification is double that of 
nondiabetic animals.“ Ketosis is present more often in alloxan- 
than in STZ-diabetic animals, but does not usually progress to ke- 
toacidosis. This is an important distinction from rats and mice with 
autoimmune type 1-like diabetes. and indicates that insulin secre- 
tion from residual or regenerated B cells prevents an unrestrained 
FFA mobilization with lapse into ketosis. This “spontaneous” ame- 
lioration of diabetes limits the period of severe insulin deficiency in 
STZ- or alloxan-treated animals to a few weeks after the induction 
of diabetes, and requires scrutiny of B-cell function for long-term 
experiments. 

An elevation in plasma triglycerides, cholesterol, and phospho- 
lipids in the VLDL and LDL fractions is evident in diabetic ani- 
mals, due in part to the hepatic recirculation of inflowing FFAs and 
other lipids and to the delayed disposal of VLDL and chylomi- 
crons. This is related to decreases in the translation and activity of 
insulin-dependent lipoprotein lipase (LPL) and in the apoprotein 
moieties of lipoproteins, “° necessary for the recognition and ac- 
tivation of uptake of the triglyceride-rich particles. It should be em- 
phasized that the HDL fraction is also increased in insulinopenic 
rodents, in contrast to humans, because HDL functions in both for- 
ward and reverse transport of cholesterol in rodents. 

Although diabetic animals manifest hypercholesterolemia and 
atherosclerosis."* the hepatic synthesis of cholesterol is either re- 
duced or unchanged.” There is evidence for inhibited liver HMG 
CoA reductase, the rate-limiting enzyme of cholesterol synthesis.°° 
Conversely, there is a rise in intestinal synthesis of cholesterol due 
both to a specific increase and tissue proliferation related to hyper- 
phagia.*”*! Thus diabetic hypercholesterolemia is mainly of intes- 
tinal origin and may be the reason for suppression of hepatic cho- 
lesterol production. 


Insulin Receptor and Endocrine Derangements 


Alloxan- and STZ-diabetic animals excessively secrete somato- 
statin. Also, arginine- and glucose-induced somatostatin release 
from isolated rat pancreas is enhanced*”** as islet 8 cells are not af- 
fected. However. the glucose-stimulated islets of STZ-diabetic 
dogs fail to respond with increased somatostatin and decreased 
glucagon secretion, whereas the responses to arginine and isopro- 
terenol are normal,™ suggesting either the blunting of glucose 
recognition by ò and a cells or compensation by hyperglycemia. 
Shortly after STZ injection, the basal and stimulated secretion of 
glucagon is enhanced in rats. but suppressed by exogenous insulin. 
This suggests that the glucagonemia and somatostatinemia that 
occur in insulinopenic animals are a consequence of B-cell loss. 
With regard to the low fertility of diabetic animals, extensive 
functional and morphologic neuroendocrine degenerative alter- 


ations have been found in the mediobasal hypothalamus of STZ- 
treated rats.“ The lesions, affecting luteinizing hormone-releasing 
hormone synthesis and secretion, were attributed to the direct, local 
effect of hypoinsulinemia. The reduced neurohormone release 
from the exhausted pool seems responsible for the wasting of pitu- 
itary gonadotrophs and the resulting hypofunction of the pituitary- 
gonadal hormone axis. There is also evidence of attenuated feed- 
back control of LH release in STZ diabetes” and lack of the re- 
sponse of the ovary to FSH in alloxan diabetes, related to atresia 
shortly after the induction of alloxan diabetes." 

Insulin receptors in models of insulinopenic diabetes bind in- 
sulin well in adipocytes, hepatocytes, and muscle, in contrast to ani- 
mals with hyperinsulinemia and insulin resistance, which generally 
show downregulation of insulin binding and reduced activity of the 
insulin receptor tyrosine kinase (TK).°® The increased binding in 
STZ-treated animals is mainly due to recruitment of receptors and not 
to higher affinity” except in severely diabetic rats. Notwithstand- 
ing the increased binding, the activity of hepatic TK per receptor is ei- 
ther reduced or unchanged.” However, the TK activity is markedly 
stimulated after contact with insulin, and total TK receptor autophos- 
phorylation is elevated in muscle and liver, but is not increased per re- 
ceptor.” It is possible that multisite phosphorylation occurs in the 
presence of added insulin, involving serine/threonine residues on the 
receptor,”” which is inhibitory to TK-mediated phosphorylation. It 
could also be due to increased phosphotyrosine phosphatase activity 
in diabetic rats.** In any case, a relative reduction in phosphorylation 
in the face of increased insulin binding and receptor number upregu- 
lation seems to characterize insulinopenic animals. A similar change 
was demonstrated in severely insulin-deprived BB rats.~ 

Drug metabolism is altered in insulinopenic diabetes. Microso- 
mal P-450 cytochrome-dependent enzymes (such as aniline hy- 
droxylase and monooxygenase activities) exhibit increased MRNA 
levels and activity, which may be reversed by insulin treatment. 
This enhanced capacity of the liver to detoxify xenobiotics may in 
some cases not be advantageous, as genotoxic intermediates can be 
formed and the diabetic organism may be susceptible to the toxic- 
ity or oncogenicity of such chemicals. 


DIABETES ELICITED BY LOW, MULTIPLE DOSES 
OF STREPTOZOCIN (MD-STZ) 


Repeated small doses of STZ, insufficient for immediate diabeto- 
genesis, produce in susceptible species a delayed insulitis-related 
diabetes. Like and Rossini®’ observed that 200 mg/kg STZ, given 
to male CD-1 mice in five consecutive daily doses of 40 mg/kg, 
causes hyperglycemia within 1-2 weeks. A lymphocytic islet infil- 
tration results, preventable by rabbit antiserum against mouse 
lymphocytes (ALS), suggesting an inflammatory, possibly an au- 
toimmune, reaction. 3-O-methylglucose or nicotinamide, which 
protects against a single B-cell necrotizing STZ dose, also reduces 
the MD-STZ syndrome. MD-STZ diabetes is prevented by glucose 
or 5-thioglucose given before STZ injection or added with STZ to 
B-cell cultures in vitro. Although the hyperglycemia is fully pre- 
vented, attesting to the protection of the insulin-secreting appara- 
tus. the inflammatory response is not. This points to dissociation 
between insulitis and B-cell destruction. Preservation of B-cell in- 
tegrity by the above-mentioned and other treatments” supports the 
view that the injury may be due to a combination of cell-mediated 
autoimmunity and a metabolic, glucose-dependent lesion. 
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Kolb and associates?” gathered support for a T-cell-mediated 
mechanism of insulitis. Athymic nude mice, which are less respon- 
sive to MD-STZ, fail to show islet lymphocyte infiltration, but 
when grafted with thymus exhibit the full syndrome. Numerous 
immunomodulators prevent the syndrome. Silica, a macrophage 
toxin, also prevents the induction of MD-STZ diabetes, implying a 
role for cellular immune mechanisms. However, questions remain 
whether insulitis is causal or only associated with cell death. Treat- 
ment of mice with dimethylurea, an OH scavenger, prior to MD- 
STZ protects against the hyperglycemia but not against insulitis. 
When dimethylurea is employed to prevent the high-dose STZ di- 
abetes, delayed hyperglycemia and insulitis may occur instead. 
Evidence has been provided’! that the type | diabetes-like syn- 
drome induced by MD-STZ is not due to the autoimmune T- or B- 
lymphocyte-mediated mechanisms occurring in NOD mice. When 
MD-STZ was administered to severely immunodeficient male 
(scid/scid) NOD mice, which are devoid of functional lympho- 
cytes, even low STZ doses of 30 mg/kg induced hyperglycemia 
without insulitis. 

As reviewed by Wilson and Leiter,” male C57BKS mice, 
which are highly sensitive to the induction of both insulitis and hy- 
perglycemia, also show an induction of retroviral genome, such as 
intracisternal type A and C virus particles in islets, 2 days prior to 
insulitis. The presence of “silent” viruses in mice islets appears to 
be frequent, and the possibility that STZ activates some of them, 
with consequent alteration in islet antigenicity, cannot be ruled out. 
However, it is certain that MD-STZ mice represent a diabetic con- 
dition produced by an exogenous toxin and that this model is dis- 
tinct from that underlying autoimmune human T1DM. Neverthe- 
less, the MD-STZ model is important for gaining insight into 
structural and genetic lesions in B cells. 


ANIMALS WITH AUTOIMMUNE ETIOLOGY 
AND INSULIN DEPENDENCE 


The discovery of two animal species with spontaneous autoim- 
mune diabetes, BB rats and NOD mice, contributed to the general 
acceptance of the etiologic role of autoimmunity in TLDM. 


The BB Rat 


The major features of the syndrome in BB rats in its pathogenic 
phase are described here. More details on history, husbandry, and 
complications can be found in special review publications’*”* (see 
Chap. 20). The classic symptoms of weight loss, polyuria, polydip- 
sia, glucosuria, and ketoacidosis appear abruptly with marked hy- 
perglycemia, hypoinsulinemia, insulitis, and B-cell loss. The dia- 
betes-prone rats may show IGT a few days before the onset of overt 
symptoms at 60-120 days of age. Levels of islet insulin become 
very low, and most diabetic animals are totally insulin dependent 
for survival within a few days. Several sublines varying in fre- 
quency, severity, immunologic characteristics, and time of diabetes 
onset are available, including three diabetes-resistant lines in 
which <1% of animals become diabetic.” 

Breeding of BB rats requires great care because of their lym- 
phopenia, vulnerability to infections, and the need for individual 
supervision and insulin treatment. As variations in the incidence 
and expression of diabetes upon exposure to viral or microbial 
pathogens in various localities occur in BB rats, %77 it has been 
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agreed to denote their derivation by a slash following the BB de 
ignation (BB/Wor for the Worcester colony and BB/O for the O 
tario colony). Of the inbred BB/Wor rats, the source of sevei 
worldwide colonies, 50-80% become diabetic; males and femal 
are equally affected. 

The diabetes in BB/Wor rats is probably inherited by autos 
mal recessive transmission, with about 50% penetrance related 
at least two genes. One non-MHC linked gene expresses the T-ct 
lymphopenia; the second is linked with RT", the MHC of the ral. 
This resembles human TIDM without association with specif 
HLA types. However, subsequent investigations indicate that tl 
permissive MHC haplotype and the recessive lymphopenic gene 
are not specifically related to diabetes and are insufficient to pri 
duce diabetes susceptibility in the BB rat.” Although BB rats sha 
the class II RTI“ rat MHC, they are not all genetically identica 
Genetic heterogeneity of the BB rat has been investigated amor 
26 distinct lines, analyzing 19 protein markers.” Polymorphism i 
nine markers has been observed and used to define seven distin 
haplotypes. Therefore, interpretation of genetic, immune, ar 
metabolic investigations of BB rats should take into account tt 
origin and maintenance of the colonics from which the anima 
were derived. 

Pancreas histology immediately after the outset of hype 
glycemia shows a striking lymphocytic islet infiltration (Fig. 16-2 
Insulitis precedes the onset of overt diabetes by several days an 


FIGURE 16-2. insulitis in the NOD mouse, A. Peripheral accumulation « 
mononuclear lymphocytes with yet functional B cells. B. Penetration ) 
mononuclear lymphocytes into the islet with destruction of B cells. (Con 
tesy of Dr. M.C. Appel, Department of Pathology, University of Massach, 
setts, Worcester, MA.) 


A 
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disappears after B-cell loss, leaving shrunken end-stage islets com- 
posed almost entirely of a. 5, and PP cells. Insulitis to a varying ex- 
tent is also observed in 50-75% of nonhyperglycemic BB/Wor rats. 
Nitric oxide is a probable B-cell cytotoxic agent. The inducible NO 
synthase (iNOS) has been found in the pancreas of BB rats with in- 
sulitis by RT-PCR and immunohistochemistry.*'®? iNOS expres- 
sion was limited to areas of islet infiltration by macrophages, and 
produced by macrophages, suggesting iNOS involvement in islet 
destruction’! in genetic association with T lymphopenia. 

The autoimmune syndrome of BB rats is polyendocrine in na- 
ture, as evident from the frequent occurrence of lymphocytic thy- 
roiditis and of autoantibodies against smooth and skeletal muscle, 
gastric parietal cells, thyroglobulin, and thyroid cells. Islet cell cy- 
toplasmic antibodies (ICAs), thought to arise from cellular con- 
stituents after degradation, and islet cell surface antibodies 
(ICSAs), formed against specific cell membrane components, are 
often present in the circulation. Although it is known that not all 
animals with antibodies develop diabetes and not all animals with 
diabetes carry antibodies, a careful correlation of circulating anti- 
bodies with insulitis and diabetes in BB/Wor and BB/O strains re- 
veals that they are more frequent in diabetes-prone than in diabetes- 
resistant BB rats and are often present at weaning.** 

Among the features of BB rats resembling human T!DM is the 
prepubertal onset with a silent prediabetic period, which presents 
an opportunity for the search for early markers of the disorder. 
Plasma lymphocyte antibodies®® and biopterin, released by 
macrophages upon cytokine activation,"° have been proposed as 
predictors. Avoidance of certain wheat- and milk-derived dietary 
proteins?" was suggested as beneficial for delaying or preventing 
the expression of diabetes in BB rats and humans. Acividin, the in- 
hibitor of glutamine metabolism, prevents BB rat diabetes, possi- 
bly by interacting with the activated insulitis-producing lympho- 
cytes.” 

The detection of ICSAs 1-2 months before the onset of dia- 
betes in BB rats parallels their early presence in prediabetic chil- 
dren and their association with islet destruction. However, decisive 
proof of a direct pathogenic role of ICSAs in vivo is still lacking 
despite correlations between the start of mononuclear islet infiltra- 
tion and diabetes onset, and between the appearance of comple- 
ment-fixing ICSAs and B-cell destruction. ICAs have not been 
conclusively found in BB rats.” Moreover, GAD antibodies con- 
sidered important for the prediction of human T1DM are absent in 
some lines of BB rats,’ but have been detected in the BB/O 
line.” Also, IA-2 antibodies have been detected in some lines, but 
not in others.” 

There is at least one notable difference between the BB rat and 
human diabetes. The severe generalized lymphopenia occurring in 
the former, which precedes clinical manifestations of diabetes, in- 
volves both primary and secondary lymphoid tissues and affects all 
subsets of T cells. The T-cell lymphopenia is permissive rather than 
obligatory for diabetes to occur.” It is uniformly present in all dia- 
betes-prone and diabetic BB/Wor rats, and is suggested to originate 
from a hematopoietic stem cell defect, or from a defective thymic 
maturation process.” All inbred, diabetes-prone BB/Wor rats ap- 
pear to have reduced phenotypic and functional cytolytic T cells 
and a lack of RT6* cells. These defects are absent in diabetes- 
resistant BB/Wor rats. Although the progression of the lympho- 
cytic infiltration as an intermediate stage of B-cell destruction is 
now better understood, the initial events remain obscure. The role 
of lymphopenia and of the involved subsets has yet to be ascer- 
tained, as diabetes occurs without lymphopenia in the inbred, re- 


sistant BB/Wor lines and in diabetes-prone NOD mice. An alter- 
ation of islet B-cell antigenicity is possible, which may result in ac- 
tivation of T lymphocytes, NK cells, and cytotoxic antibodies di- 
rected against B cells. The nature and interaction of the humoral 
antibodies and cell antigens remain to be elucidated. In this re- 
spect, it is intriguing that a membrane-bound islet-specific 38-kd 
autoantigen” becomes expressed in diabetes-prone BB rats at 30 
days of age, when the immune effectors start to recognize B cells. 
The delayed expression may be crucial for effecting the breakdown 
of self-tolerance and for initiating autoimmunity. Another promis- 
ing aspect of this increasingly immunologic rather than diabeto- 
logic discipline is immunomodulation.” In BB rats, not only are 
the various B cell-destroying effectors present at the onset of dia- 
betes, but the regulatory T cells, which control the system, are de- 
fective or missing. These may be RT6" postthymic lymphocytes 
(carrying the RT6 rat alloantigen), detectable in peripheral lympho- 
cytes of diabetes-resistant BB rats but missing in the diabetes- 
prone line. Removal of the RT6™ cells in the former with a mono- 
clonal antibody frequently induces insulitis, and renders them 
diabetic, and their splenocytes are capable of transferring the dis- 
ease to nondiabetic BB rats. Immunomodulatory interventions may 
entail changing the balance between subsets of T lymphocytes by 
cyclophosphamide, or stimulation of lymphopoiesis by blood re- 
moval, dietary changes, and immunogenic stimulation.’° 


The Nonobese Diabetic (NOD) Mouse 


A large body of information on the development, pathophysiology, 
immunopathogenesis, and genetics of NOD mice is now available 
in reviews.**"!°? The NOD mice were raised in Japan in the late 
1960s by inbreeding a single female glucosuric mouse from a sub- 
strain of ICR mice, and are now distributed worldwide. Their 
salient feature is the spontaneous lymphocytic islet infiltration, 
starting at the age of 4-5 weeks, that leads to overt diabetes at 13- 
30 weeks, with severe hyperglycemia and both plasma and B-cell 
insulin deficiency. Unlike BB rats they do not become ketoacidotic, 
but require maintenance on insulin. Insulitis is prevalent both in 
males and females at 5 weeks, but in the original colony overt dia- 
betes occurs in 80% of females and in only 20% of males at 30 
weeks. However, the lines established outside the original colony 
at Shionogi Laboratories in Japan differ in diabetes incidence, time 
of onset, and gender ratio. 

The lymphocytes infiltrating the islets include CD4* and 
CD8* T cells and B cells. The insulitis differs somewhat from that 
in the BB rats.'°*' In the initial invasion stage, the lymphocytes 
are localized in the periductular capillary spaces with a clear base- 
ment membrane boundary without overt contact with the B cells. 
Later, the lymphocytes invade the islet; B cells are destroyed, but a, 
ò, and PP cells remain intact. Unlike the pronounced lymphopenia 
of BB rats, NOD mice exhibit little or no lymphocyte decline. An- 
tibodies directed toward a variety of islet antigens, including GAD, 
are detectable soon after weaning and ICSAs at 6 weeks, with 50% 
prevalence between 12 and 18 weeks. 

The NOD model is important for the understanding of condi- 
tions predisposing to TIDM. Although the contribution of multiple 
genes on different chromosomes to diabetes susceptibility has been 
demonstrated,'°*'® the environmental, nutritional, and hormonal 
impact on the incidence of diabetes, despite the identical genetic 
background. affects the penetrance of genetic susceptibility. For 
example, the incidence of diabetes in males may vary from 0- 
100%. Castration of males increases the incidence of diabetes, 
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whereas implantation of testosterone to young females prevents di- 
abetes, apparently by inhibiting the production or function of au- 
toimmune effectors. This suggests that the gender dimorphism has 
a genetic background, possibly due to hormonal imprinting early in 
life, but its expression is amenable to manipulation. 

It is striking that the exposure of NOD mice to murine viral 
pathogens protects against diabetes, probably through general im- 
munostimulation, because several exogenous immunomodulators, 
such as complete Freund’s adjuvant, various cytokines, poly I:C, or 
gangliosides, also prevent or attenuate the diabetes development, as 
reviewed by Kolb.°” These effects are more marked in NOD mice 
than in BB rats. All these factors are also responsible for the con- 
tinuing genetic drift in various colonies, which must be considered 
when analyzing and comparing the experimental results from vari- 
ous sources. To facilitate evaluations, the inbred substrains should 
be labeled by adding a suffix after a slash (NOD/Shi for the 
Shionogi colony or NOD/Lt for the Jackson colony). 

In contrast to BB rats, the B-cell deterioration in NOD mice is 
markedly attenuated by nicotinamide, scavengers of free radicals, 
and inhibitors of poly (ADP-ribose) synthase.”' Thus, the destruc- 
tive processes show more similarities to the action of chemical cy- 
totoxins in NOD mice than in BB rats, although these differences 
may be quantitative in nature. It is of interest that, as in the BB rat, 
pretreatment with insulin prevents the adoptive transfer of dia- 
betes.' The different aspects of human T1DM are compared to 
those in BB rats and NOD mice in Table 16-2. 

Although most investigations of the origin of NOD diabetes 
have focused on T lymphocytes as effectors, there is strong evi- 
dence that functional defects in bone marrow-derived antigen- 
presenting cells (APCs) may be responsible for the appearance of 
B-cell autoreactive T lymphocytes. This is based on observations 
that diabetogenic T lymphocytes become active in diabetes- 
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resistant hybrid NOD strains that are lethally irradiated and trai 
planted with nonhybrid NOD bone marrow.'!°''' APCs determi 
the spectrum of the T-cell repertoire by carrying self-antigens it 
the thymus. Ineffective presentation of antigens by APCs m 
cause their faulty tolerogenic functions such as the inability to ac 
vate functional immunoregulatory T (suppressor) cells in the p 
riphery and to block the thymic development of autoreactive 
lymphocytes against islet B cells. 


The LETL Rat 


The Long Evans Tokushima Lean (LETL) spontaneously diabe! 
strain of rats was isolated in the 1980s in Japan, from a colo! 
based on a few pairs of outbred Long Evans rats.'!? The diabet 
onset in inbred animals occurs at 8-20 weeks of age with an ave 
age incidence of 21% in males and 15% in females, influenced | 
whether one or two parents were diabetic. The incidence of di 
betes at 16 weeks of age is doubled by pretreatment with c 
clophosphamide, starting at 5-7 weeks.''? The clinical features 
diabetes are typical of type | diabetes and the LETL rats require i 
sulin for survival. A control LETO strain which exhibits type 2-li 
diabetes, was inbred from nondiabetic animals of the same stock 
In contrast to BB rats, the LETL rats are not lymphopenic a 
the distribution of the thymocyte subsets is similar to that of co 
trol rats. A marked lymphocytic infiltration of islets occurs 4 
days before the onset of clinical diabetes. Insulitis is not observ: 
in nondiabetic siblings and in the LETO control line. Lymphocy 
infiltration occurs in other glands, similarly to the polyendocri 
character of the disease in BB rats and NOD mice. With regard 
genetics, the LETL rats carry the RT1" haplotype, as does the di 
betes-prone BB rat. At least two recessive genes, one closely link: 
with RTI”, seem to be involved in the pathogenesis of insulitis. 


TABLE 16-2 Characteristics of Autoimmune (Type 1) Diabetes in Humans, NOD Mice, and BB Rats 


Hyperglycemia, insulinopenia 
Ketoacidosis (if untreated) 
Female over male gender bias 
Insulitis (T-lymphocyte driven) 
Leukocytic infiltrates found in other organs 
Susceptibility of gene penetrance to environmental 
factors 
Genetic predisposition 
Complex polygenic control 
Disease transmissible 
via bone marrow 
via T lymphocytes 
Lymphocytopenia 
Defective peripheral immunoregulation 
Humoral reactivity to B cells 
ICSAs 
ICAs 
IAAs 
Recurrence of aggression against transplanted B cells 
Attenuation or prevention by immunomodulation 
or free radical scavengers 
Effective immunotherapy 
Virus induction 
B lymphocytes required 
B Cells required for immune activation 


Humans NOD Mice BB Rats 
+ + + 
+ - + 
Ps + es 
+ + + 
Sometimes + + 
Probable Very strong Strong 
+ + + 
+ + + 
+ + + 
Not tested + + 
Not tested + + 
— - + 
— - + 
+ + + 
+ + + 
+ + - 
+ + + 
? + + 
Possible (safety?) + + 
Probable = + 
Not tested + Not tested 
Not tested + + 
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Two new animal with spontaneous autoimmune etiology, 
which provide new perspective in the clarification of the autoim- 
mune mechanisms, have recently been reported upon. The Torri 
rat of the Sprague Dawley strain manifested an incidence of dia- 
betes of 100% in males and 33% in females at 45 weeks of age.'"" 
Hyperglycemia, hypoinsulinemia and hyperlipidemia were pres- 
ent at 25 weeks with marked fibrosis of pancreatic islets. Torri 
rats were characterized by long-term survival without insulin sup- 
port. The particular characteristics are severe ocular complica- 
tions, cataract and retinopathy with tractional. retinal detachment, 
fibrous proliferation and massive hemorrhage at 70-77 weeks 
of age. 

The LEW.1AR1/Ztm-iddm rat also exhibits TIDM arising 
from spontaneous mutation in congenic Lewis rat strain with a de- 
fined MHC haplotype.''* The incidence of TIDM was 20% without 
sex preference at 8-9 weeks. The proportion of T lymphocytes in 
the peripheral blood was normal expressing the RT6.1 differentia- 
tion antigen. Islets were heavily infiltrated with both T and B lym- 
phocytes, macrophages and NK cells. Apoptotic cell death was ev- 
ident in the areas of insulitis. 


GENETICALLY ALTERED ANIMALS 
FOR DIABETES RESEARCH 


Transgenic and gene-disrupted animals, mainly mice. represent a 
rapidly expanding technological advance in diabetes research made 
possible by the ability to introduce transgenes or delete existing 
genes. These mice are not in a strict sense models of diabetes, but 
manipulating their genetic expression provides valuable informa- 
tion on the in vivo function of a particular gene to assess its role in 
pathophysiology of diabetes (e.g., glucose transport, insulinogene- 
sis, cell replication, or auloimmunity). 

It is beyond the scope of this chapter to overview the plethora 
of transgenic mice that have been recently investigated. Just a men- 
tion of several examples is possible. One of the early studies using 
transgenic constructs was the implantation of a hybrid insulin 
oncogene SV40 T antigen (Tag) to direct the expression of specific 
proteins in islet B cells.''*''’ The hybrid-injected eggs were then 
placed in the oviducts of pseudopregnant female mice, which led to 
the development of insulinoma. Rat insulin promoter (RIP-Tag) 
lines have been obtained that vary in their progression to a tumor. 
These experiments were intended to create insulin-producing cells 
capable of proliferation at a controlled rate. 

Insulin has been overexpressed in B cells with multiple copies 
of the human insulin gene. These mice manifested a profuse insulin 
secretion leading to insulin resistance and downregulation of tissue 
insulin receptors.''* This illustrates the detrimental effect of insulin 
excess on receptor number and function typical of type 2-like di- 
abetes. Another transgenic model of a type 2 diabetic condition 
has been produced by expressing a component of the human in- 
sulin receptor with high-affinity insulin binding.''? In this situation 
postabsorptive hyperglycemia and hepatic gluconeogenesis ensue 
despite hyperinsulinemia. Transgenic mice overproducing islet 
amyloid polypeptide were also prepared. showing an associated in- 
sulin storage and increased cosecretion. and eventually amyloid 
deposits on a high-fat diet.'*” 

The glucokinase gene has been overexpressed in the liver to 
correct the hyperglycemia of type 1 diabetes.'*’!** A phenotype 
with increased hepatic glycogen content, hypoglycemia, and hy- 
poinsulinemia was obtained. Suppression of the promoter gene 


driving the insulin-dependent PEPCK in the liver was carried out to 
reduce the hepatic glucose production in diabetic mice.'?*'™ 

The selective disruption of the insulin receptor substrate-] 
(IRS-1) substrate of the insulin receptor tyrosine kinase has, sur- 
prisingly, produced only mild insulin resistance.'?>!"° The overex- 
pression of the GLUT-4 gene in several transgenic mouse models 
resulted in fasting hypoglycemia and hypoinsulinemia due to 
overutilization of glucose in peripheral tissues.'*”!"* The negative 
result of this hypoinsulinemia was enhanced lipolysis with eleva- 
tion of plasma triglycerides and ketosis. In general, transgenic ani- 
mals demonstrated that the GLUT-4 level controls the rate of over- 
all glucose metabolism, particularly in skeletal muscle. 
Hexokinase II becomes rate limiting only under conditions of hy- 
perglycemia with hypoinsulinemia. Insulin action is correlated 
with the amount of GLUT-4 protein. Thus the improvement in IGT 
can be effected by a regulated overexpression of a single pro- 
tein. ?™" 0 Severe hyperglycemia and insulin resistance in db/db 
mice were considerably ameliorated by overexpression of GLUT- 
4.'*' Additional examples of transgenic mice in the study of vari- 
ous aspects of diabetes are listed in reviews.'??:'? 


INSULIN-RESISTANT, MUTANT RODENTS 
WITH DIABESITY 


db/db Mice with Hyperinsulinemia, Insulin 
Resistance, and Hyperglycemia Leading 
to B-Cell Collapse, Now Labeled as /epr™ 


The mutation designated as db occurred spontaneously in the 
C57BL/Ks inbred strain of mice in Bar Harbor, Maine.'**!*° Dia- 
betes in the db/db mice is a recessive, autosomal single-gene muta- 
tion on chromosome 4. with complete penetrance. It is now consid- 
ered to be the homologue of the rat fa gene on chromosome 5 and 
its allele corpulent cp (described later). The db gene has been 
linked to the black coat misty gene on chromosome 4, which al- 
lows early identification of homozygotes in congenic mdb strains. 
Homozygous db/db mice are infertile, so heterozygous db/+ carri- 
ers are used to breed the mutants. The db gene manifests different 
expressions on BL/6J and BL/Ks backgrounds. The diabetes is 
mild and resembles the ob mutation on the BL/6J background. In 
contrast, the Ks background imparts a marked insulin resistance 
and ketosis and glucose overproduction, associated with marked 
damage to the insulin secretion apparatus and eventual death in the 
face of massive glycemia.'**'** This is a cogent illustration of the 
impact of deleterious genomic modifiers on the course, severity, 
and final outcome of the diabesity syndrome (the interrelation of 
obesity and diabetes. discussed later) caused by a single abnormal 
gene. 

As outlined in Table 16-3, the initial stages of the syndrome are 
characterized by hyperphagia and hyperinsulinemia at the time of 
weaning. The mice gain weight and become hyperglycemic [up to 
400 mg/dL (33 mmol/L)] between 8 and 12 weeks, in spite of 6- to 
10-fold higher than normal insulin levels. At 3-6 months, the insu- 
linemia wanes to subnormal levels, B-cell secretion ceases, and the 
mice become ketotic with B-cell necrosis and do not survive longer 
than 10 months. Shifts in the time course of diabetes development 
may occur in db/db mice raised in other colonies, and investigators 
should establish their own local reference values. 

Consistent with hyperglycemia and hyperinsulinemia as the 
earliest abnormalities in db/db mice, the B-cell insulin oversecre- 
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TABLE 16-3 Genetically Predetermined Time Course of Diabetes Development and Progress 
in C57BL/KS db/db (Iepr) Mice Maintained on Regular Diet* 


Stage B 
<1 month old 


Stage C 
2-3 months old 


Hyperinsulinemia Peak insulinemia 


Normoglycemia 
Hyperphagia 
Moderate weight gain 
Mild insulin resistance 


Hyperglycemia 

Hyperphagia 

Marked weight gain 

High gluconeogenesis 
and lipogenesis 


Hypoinsulinemia 


Stage D 
>3 months old 


Stage E 
8-10 months old 
Severely insulin-deficient, 


almost complete B-cell 
loss 


Marked hyperglycemia Ketosis 
Hyperphagia Hyperphagia 
Weight loss Leanness 

High gluconeogenesis No survival 
Severe B-cell beyond this age 


degranulation 


*Because there are no nondiabetic db/db mutants, stage A (reference) designation is reserved for the normoinsulinemic-normo- 


glycemic heterozygote siblings. 


tion lasts up to 4 months irrespective of the islet content. The re- 
duced B-cell response to glucose, but sustained response to argi- 
nine, occurs concurrently with a loss of the B-cell GLUT-2 trans- 
porter. This is a reversible phenomenon, because db islets 
transplanted to nondiabetic db/+ controls regain GLUT-2 expres- 
sion.'*° At the phase of reduced insulin secretion there are ultra- 
structural changes comprised of dilatation of Golgi apparatus and 
of rough endoplasmic reticulum.” Incorporation of °H-leucine 
into insulin indicates first an increased synthesis in young mice, 
and then a decline concomitant with changes in insulin release. 
Similar findings were obtained with *H-thymidine incorporation. 
B-Cell polyploidy, involving the DNA, '*® enlargement of the islets, 
and hypertrophy of individual cells, suggests mobilization of B-cell 
precursors. Although insulin oversecretion initially compensates 
for the insulin resistance, B cells are unable to sustain the high se- 
cretion rate. The end-stage necrosis is drastic, leaving atrophied 
islets with 8, a, and PP cells only. 

Tissue insulin resistance in young db/db mice is demonstrated 
by low response to injected insulin or to implanted islets from iso- 
geneic donors.'***° Insulin treatment does not appreciably influ- 
ence the progression to diabetes. In the young mice, the glycolytic 
enzymes and glucose oxidation are enhanced by insulin induction, 
as would be expected. In older, hyperglycemic mice, the activity of 
glycolytic enzymes declines, while the gluconeogenic pathway es- 
capes control, despite the high concentration of circulating insulin. 
PEPCK synthesis, assessed by hepatic PEPCK mRNA levels, is 
normally reduced by physiologic rises in circulating insulin, but 
suppression of its activity and transcription in db/db mice requires 
enormous amounts of exogenous insulin.'*” Regulatory failure of 
other liver systems is also evident. Glycogen breakdown proceeds 
at an accelerated rate and is not inhibited by glucose, as occurs nor- 
mally. Interestingly, the hepatic insulin resistance does not affect li- 
pogenic enzymes, which remain responsive to insulin and rise in 
activity, accounting for the prevalent hyperlipidemia in diabetic 
db/db mice. Enhanced lipogenesis is also expressed in the small in- 
testine." 

Insulin resistance is evident by reduced insulin binding to re- 
ceptors and reduced receptor tyrosine kinase activity in muscle, 
liver, and isolated fibroblasts.'*'-'“? Adipose tissue of young mice 
exhibits increased glycolysis and undiminished insulin response. In 
older mice, an inverse pattern of stimulated FFA outflow reflects 
insensitivity of adipose tissue lipolysis to insulin. 

Dietary restriction does not induce normoinsulinemia in db/db 
mice. Total substitution of protein for carbohydrate has a marked 


beneficial effect.'*? The regimen of 83% casein does substantially 
reduce the insulin resistance and hyperglycemia. It also extends the 
life span, retards the decrease in islet insulin content,” and delays 
B-cell necrosis, most likely through the alleviation of glucotoxicity. 
Inclusion of even 8% of carbohydrate in the diet, particularly su- 
crose, substantially aggravates the diabetes and shortens the life 
span of these mice. The high-protein diet diminishes the glycemia 
by making it dependent on endogenously regulated hepatic gluco- 
neogenesis in the absence of intestinally absorbed glucose. 

Hypothalamic disturbance is evident in db/db mice, manifested 
by early hyperphagia, insulin secretion, and obesity. The mice fail 
to respond to satiety signals. Coleman and Hummel impressively 
demonstrated this by parabiosis with nondiabetic mice.” The lat- 
ter stop eating and starve to death within 2—4 weeks, due to an ex- 
aggerated response to the inflow of satiety factors from db/db mice 
now known to be leptin. The db/db mice gained weight and did not 
respond to their own satiety factor or to that of nondiabetic mice 
because of the defect in the hypothalamic leptin receptor, now 
known to be a truncation mutation. 

Striking results were obtained when db/db mice were para- 
biosed with congenic ob/ob partners.'** The latter stopped eating, 
became lean, and died from starvation because of the response to 
the massive inflow of the satiety factor leptin, which they normally 
lacked. When ob/ob mice are parabiosed with normal mice, they 
lose weight themselves, showing that their own satiety systems 
react appropriately to leptin. 

It took about 20 years to provide the molecular basis for the 
prescient hypothesis of Coleman about the nature of db and ob mu- 
tations through isolation by Friedman and Halaas of the ob gene 
product leptin'*” and by others of the leptin receptor.'**'** This 
discovery provided an explanation for the defects seen in db and ob 
mice and revolutionized our view of adipose tissue, not only as a 
hormonally regulated fat depot, but also as a lipostatic endocrine 
organ and the source of leptin. Due to the discovery that db is a mu- 
tation of the leptin receptor gene and ob is a mutation of the leptin 
synthesis gene, the nomenclature of these two mice species has 
been changed to lepr” and lep, respectively. Unfortunately, the 
early hope that exogenous peripheral injection of leptin would treat 
obesity in humans has not materialized. However, administration 
of leptin was highly effective in the rare morbidly obese patients 
with mutations of the leptin gene that produces an ineffective leptin 
protein (see Chap. 10). These data suggest an important hitherto 
unknown role for leptin in human body weight regulation. How- 
ever, it should be taken into consideration that the mode of action 
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of leptin in mice may not be fully applicable to humans, as dis- 
cussed by Himms-Hagen.'* 

Leiter'*” proposed to differentiate between the consequences 
of gene expression and the diabetes susceptibility-conferring ef- 
fects of the Ks background using the response to estrone. The 
estrone-treated mice were hyperphagic and obese, but they did not 
develop hyperglycemia or islet atrophy. He postulated that the es- 
trogen:androgen ratio is critical to glucose homeostasis. In db/db 
mice, this ratio could be regulated by the activity of sulfotrans- 
ferases, liver enzymes that render steroids receptor-inactive by 
conjugation with sulfate. At puberty, the sulfotransferases sulfate 
estrogens but not androgens, thus inducing diabetes. Estrone sup- 
plementation is protective, because estrogens appear to prevent the 
interaction with diabetogenic background modifiers. The hepatic 
sulfation capacity might then potentiate the diabetogenicity of the 
db mutation,'*' and the development of a diabetic phenotype de- 
pends on the strength of interaction between the db gene and sulfo- 
transferases. The number of hepatic insulin receptors was reduced 
in estrone-treated mutants, indicating that this was not a secondary 
insulin-elicited downregulation. There was no difference in the 
sensitivity of B cells to glucose. Thus db expression appears to be 
associated with a membrane defect causing scarcity of insulin re- 
ceptors, independent of obesity and insulinemia. 

In addition, the genomic factors inherent in the BLKs back- 
ground of db/db mice facilitate the lesion of B cells. Their influence 
is harmful by limiting their replication and adversely sensitizing 
them to hyperglycemia. This is demonstrated by the observation 
that the growth of islets genetically implanted in the spleens of 
nondiabetic BL/6J mice far exceeds that of islets implanted in the 
spleens of nondiabetic BLKs mice.'°?!* 


INSULIN-RESISTANT MUTANT RODENTS 
WITH SUSTAINED INSULIN SECRETION 


ob/ob Mice Now Relabeled as /ep”’ 


In contradistinction to db/db mice, which lose their B cells in the 
course of insulin-resistant diabetes, the C57BL/6J-ob/ob mice, also 
originating from the Bar Harbor Jackson Laboratory,'**'** have 
been investigated mainly due to their remarkable obesity, reaching 
up to 90 g body weight. The aspects of hyperinsulinemia and hy- 
perglycemia are mainly discussed here. The autosomal recessive, 
fully penetrant ob mutation is located on chromosome 6 (see 
Chaps. 10 and 23 for a fuller discussion of obesity). 

ob/ob Mice are characterized by hyperphagia, insulin resis- 
tance, hyperglycemia, remarkable obesity, and sustained insulin se- 
cretion. B-Cell hyperfunction leading to 10- to 50-fold higher than 
normal hyperinsulinemia persists during their life span, and com- 
pensates in large part for resistance. limits the overactive gluco- 
neogenesis to moderate hyperglycemia, and prevents ketosis by 
promoting lipogenesis despite an increased FFA turnover. Paradox- 
ically, lipogenic enzymes are also highly active, concurrently with 
those of gluconeogenesis. The close interrelation of obesity and di- 
abetes in this syndrome has led to the definition of this condition as 
diabesity.° 

Pancreatic insulin content is very high, the highest of any mice 
mutant with diabesity. In contrast to the db/db cells, they exhibit a 
very pronounced hypertrophy/hyperplasia and a reduced popula- 
tion of a, 8, and PP cells. Islet area doubles by the age of 1 month 
and increases 30-fold by 6 months.'*? Any degranulation caused by 
profuse insulin release is offset by regranulation in other islets. 


This robust insulin secretion reduces the hyperglycemia by attenu- 
ating the hepatic gluconeogenesis on one hand, and pushing glu- 
cose carbons into fat synthesis on the other hand. The enhanced li- 
pogenesis leading to obesity actually has an antihyperglycemic 
effect. By converting the glucose surplus to lipid in the liver and 
adipose tissue, the hyperglycemia in ob/ob mice is moderate. In- 
sulin resistance in ob/ob mice, as in other “diabese” animals, ap- 
pears to be due to diminished insulin binding to receptors, impaired 
autophosphorylation, and reduced signal transduction. 

The genetic defect in ob/ob mice is the lack of satiety-control- 
ling factors, as elegantly demonstrated by the parabiosis experi- 
ments (see db/db mice, above) and confirmed by the discovery that 
leptin action is missing in ob/ob mice by virtue of a mutation in the 
leptin gene. The role of the associated hypothalamic peptides in 
neuroendocrine glucoregulation has been recently reviewed.'**!%¢ 
Levels of neuropeptide Y (NPY), a potent insulin-suppressible ap- 
petite stimulant, are high in diabese animals, possibly as a result of 
leptin deficiency. 


Yellow Obese Mice 


The mutation in yellow obese mice was established as an allele at 
the agouti locus of chromosome 2. It was assigned the gene symbol 
A’ for yellow, because the yellow skin pigmentation and obesity 
are interconnected in this dominantly inherited mutation. Homozy- 
gosity is lethal and all the obese offspring are heterozygous for the 
A’ gene. Another dominant allele at the agouti locus, labeled A” 
for viable yellow, arose spontaneously in C3H/HeJ mice at Bar 
Harbor. Both adiposity and hyperinsulinemia are related to the de- 
gree of yellow in the pigmentation. 

Two reviews!*”!** supply information on the yellow diabese 
mice and their response to various pharmacologic interventions. 
Blood glucose levels are higher in the obese than in nonobese in- 
dividuals only in the fed state, indicating IGT rather than overt 
diabetes, but their responses to cortisone are exaggerated. Hyper- 
trophy and hyperplasia of islets appear, especially on a carbohy- 
drate-rich diet, leading to hyperinsulinemia prior to weight gain. 
Hyperphagia and obesity in the young are more pronounced in 
males than in females. Fat tissue lipogenesis is enhanced even on 
fasting. Longevity depends on body weight and fat content of the 
diet. The adrenal glands of yellow obese mice are enlarged and 
adrenalectomy prevents islet B-cell hypertrophy and insulin resis- 
tance. This may be mediated by the attenuation of hyperphagia that 
is induced by glucocorticoids, as in other animals with the dia- 
besity syndrome. The underlying abnormality is due to faulty ex- 
pression of the agouti gene in the hypothalamus, in addition to the 
hair follicle, due to aberrant splicing of the agouti mRNA coding 
region.'* 


KK Mice 


The history, metabolic-endocrine features, and pharmacologic util- 
ity of KK mice have been reviewed by Taketomi and Ikeda,’ who 
also listed the trials of antidiabetic modalities in these mice. The 
KK strains and hybrids differ with respect to the degree of obesity 
and glucose homeostasis, but obesity seems to be the primary fac- 
tor precipitating the insulin resistance. 

The KK hybrids and the yellow KK mice develop overt dia- 
betes along with weight gain on a regular diet, whereas the Japa- 
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nese KK mice require a high-energy diet for the diabetes to become 
expressed. The KK inheritance was suggested to be dominant with 
25% penetrance, due to the association with a recessive modifier, 
but evidence for polygenic inheritance was also provided. Quanti- 
tative trait loci analysis was performed by Suto and associates." 
Nonfasting hyperglycemia is <300 mg/dL (17 mmol/L), and 
weight reaches a peak of 50 g at 5 months and is more marked in 
males than females. Nonfasting hyperinsulinemia may reach levels 
up to 1200 U/mL. IGT is also more marked in males than in fe- 
males and improves with age. KK mice have high plasma glucagon 
levels and deficient suppression of glucagon release by glucose. 
Treatment with growth hormone or glucagon worsens the hyper- 
glycemia. 

The hyperglycemia in all KK strains is associated with high 
levels of activity of glycolytic and lipogenic enzymes, concordant 
with the degree of hyperinsulinemia. However, the activity of glu- 
coneogenic enzymes also rises, in spite of hyperinsulinemia. These 
findings emphasize the failure of insulin to suppress gluconeogen- 
esis, while stimulating glycolysis and lipogenesis, similarly to the 
metabolic derangements in db/db mice. Insulin resistance in KK 
mice is due to changes in the expression of signal transduction 
components, among them IRS-1 and phosphatidylinositol-3-kinase 
(PI-3-kinase).'°! 

A prominent feature of the KK mice is B-cell hyperplasia and 
elevated insulin content, as well as an expanded endoplasmic retic- 
ulum, Golgi apparatus, and possible transformation of ductal cells 
into B cells. Partial B-cell degranulation occurs at high glucose lev- 
els, but there is no evidence of necrosis. Like other diabese rodents, 
yellow KK mice exhibit high corticosterone levels and adrenal hy- 
perplasia. However, obesity, glycemia, and insulinemia precede the 
adrenal changes, indicating that they are probably secondary rather 
than causal. Hyperphagia is a common finding in all KK strains, 
but its onset is not as early as in other diabese mutants. Hyper- 
glycemia, hyperinsulinemia, obesity, the response of hepatic gluco- 
neogenesis to insulin, and sensitivity to exogenous insulin all tend 
to revert to normal at | year of age. Nevertheless, the life span of 
diabetic KK mice is significantly shorter. 


New Zealand Obese (NZO) Mice 


The polygenic New Zealand obese (NZO) strain was developed 
from a mixed colony of mice by selective breeding for heavy 
weight, until obesity with mild hyperglycemia and hyperinsuline- 
mia became established. Body weight rises rapidly during the first 
2 months of life, conforming to the hyperphagia. Later on, weight 
gain is sluggish, up to a peak of about 90 g at 12-14 months, 
as in other strains of obese mice. Peak glycemia of ~250 mg/dL 
(14 mmol/L) occurs at 4-6 months and is more pronounced in 
males than females. Gluconeogenesis in the liver is increased de- 
spite hyperinsulinemia. The features of the NZO diabesity have 
been reviewed in detail. "6'9 

Hyperfunction of B cells is evident from high insulin secretion, 
when compared with either Swiss or BL/6 mice as reference, since 
genetic controls are not available. There is a wide spectrum of 
plasma insulin values and secretory responses in NZO mice, per- 
haps due to differences in randomly bred NZO colonies. However, 
there is definite hyperinsulinemia, though it is less marked than in 
ob/ob or KK mice. Pancreas insulin content is 2—4 times higher in 
3-month-old mice and 6-10 times higher in 8-month-old mice. In- 
sulin levels and obesity decline with age. 


DIABETES IN ANIMALS 241 


The insulin secretion pattern in NZO mice is abnormal.'™ The 
plasma insulin level in fasted mice is similar to that of fed mice and 
2-3 times higher than in controls. The islet responses to tolbu- 
tamide, cyclic AMP, or glucose are low, and the effects of glucagon 
or aminophylline are delayed. The calcium ionophore isobutyl- 
methylxanthine (IBMX) promotes insulin release from islets of 
fasted mice but does not augment the effect of glucose. Arginine 
elicits a good response. The refractoriness to glucose may be re- 
lated to limited islet glucose metabolism in relation to insulin 
output, with an impediment prior to the triose phosphate step. as 
glyceraldehyde provokes a potent insulin release. A common de- 
nominator in these patterns of insulin secretion is a blunted first 
phase of release. A single injection of a cyclic AMP elevating “islet 
activating protein” lowered the blood glucose level for as long as 5 
days and improved the secretion of insulin in response to glucose 
in vivo and in isolated islets. 

Insulin resistance is remarkable. Large doses of exogenous in- 
sulin hardly affect the blood glucose level but intraperitoneally 
implanted islets from albino mouse donors reverse the hyper- 
glycemia. /n vitro glucose uptake by muscles is low. Basal and 
insulin-stimulated 2-deoxyglucose transport is reduced as is glyco- 
gen in muscles in young mice.'® Adipose tissue was also found to 
be insulin resistant, as evidenced by a defect in insulin-mediated 
stimulation of the activity of pyruvate dehydrogenase.'° The 
activity of glycolytic enzymes, glucokinase. and pyruvate kinase 
is elevated, and the activity of the gluconeogenic PEPCK and 
glucose-6-phosphatase is reduced, as would be expected in a hy- 
perinsulinemic state, in contrast to other diabese animals. How- 
ever, the activity of fructose-1,6-bisphosphatase is not reduced by 
the hyperinsulinemia, despite high levels of its specific intracellu- 
lar inhibitor, fructose-2,6-phosphate. It was suggested that the ab- 
normal regulation of this enzyme contributes to the increased he- 
patic glucose production. nG1:108 

Lipogenesis is increased both in the liver and adipose tissue. 
NZO mice are susceptible to the amount and composition of food. 
and adipose tissue responds to a fat-rich diet with hypercellularity. 
The ratio of total to peritoneal adipose tissue is 2.5 in the NZO and 
3.5 in the ob/ob mice.'® In NZO mice (as in humans), the peri- 
toneal fat predominance may accentuate the metabolic distur- 
bances. 

Of concer is the detection of humoral antibodies to insulin re- 
ceptors, and possibly also to islets, in NZO mice, suggesting that 
the tissue insulin resistance may be at least in part of immune ori- 
gin. However, B-cell autoimmunity in a hyperinsulinemic animal is 
highly unlikely, and there is no evidence for a B-cell destructive 
process. The New Zealand strains of mice have, in general. a high 
incidence of other autoimmune disorders, such as glomerular 
nephritis with deposition of immune complexes. Therefore, an in- 
teraction between general autoimmunity and some aspect of dia- 
besity of NZO mice cannot be completely ruled out. 


fa/fa (Zucker) Rats Now Labeled /epr® 


The fa gene is a spontaneous autosomal recessive mutation on rat 
chromosome 5. On the basis of the flanking genetic markers, the fa 
gene is now considered to be the rat homologue of the mouse mu- 
tant db gene,'”° located on chromosome 4, which has now been 
shown to produce a mutated leptin receptor. 

The pathophysiology of the fa mutation has been extensively 
reviewed.!7!-!72 Homozygous fa/fa rats develop hyperphagia and 
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extreme obesity, recognizable at | month of age by the prominent 
growth of subcutaneous and intraperitoneal fat depots. This is ac- 
companied by mild hyperglycemia, IGT, marked insulin resistance, 
and hyperinsulinemia. Phenotypically, the fa/fa rats appear similar 
to ob/ob mice. They exhibit early and persistent hyperphagia, long- 
lasting hyperinsulinemia, and obesity without ketosis. However, 
there are differences in the extent of hyperglycemia in relation to 
hyperinsulinemia and insulin resistance, and there is a pronounced 
hyperlipidemia in fa/fa rats. No genomic modifiers have been 
demonstrated, and the nature of primary defect(s) causing the hy- 
perphagia and hyperinsulinemia also appears to differ from those 
of the obese mice. 

Islets of fa/fa rats exhibit both hypertrophy and hyperplasia 
with pronounced microtubule formation, which is sustained 
throughout most of their life without B-cell exhaustion, despite 
lasting overstimulation. In these respects fa/fa rats resemble ob/ob 
mice. The fa/fa rats oversecrete insulin even when fed a diet identi- 
cal in carbohydrate content to their lean controls. Support for an in- 
trinsic defect causing oversecretion comes from the observation 
that insulin release from isolated islets is not normalized after cul- 
turing for as long as 21 days, and that islets cultured at low glucose 
concentrations exhibit an exaggerated glucose-stimulated response 
that is not inhibited by mannoheptulose.'” The dissociation be- 
tween hyperphagia and hyperinsulinemia is apparent in long-term 
experiments. Food restriction throughout life does not preclude the 
development of hyperinsulinemia, obesity, and the induction of in- 
sulin-dependent enzyme systems of hepatic lipogenesis and adi- 
pose tissue triglyceride uptake. 

The females are sterile and males have also fertility problems, 
which may be alleviated by adrenalectomy. Lean, heterozygous 
fa/l+ rats are employed for breeding a progeny with a 25% inci- 
dence of obesity, or fa/fa males are treated with testosterone. The 
role of glucocorticoids was discussed in depth by York,! stressing 
that these hormones are required for the development of diabesity 
in fa/fa rats and other mutants by acting both at peripheral and cen- 
tral sites. The diabesity is characterized by increased availability of 
glucocorticoids from the enlarged adrenal glands. The hyperinsu- 
linemia appears to be caused by CNS signals transmitted to the 
pancreas via the vagus nerve.'’* Further evidence for the anom- 
alous performance of the hypothalamo-pituitary axis is the dysreg- 
ulation of NPY mRNA and corticotropin-releasing factor (CRF). 
Abnormal cerebral glucose utilization has been found by Rohner- 
Jeanrenaud and colleagues.'”*'”” Tissue unresponsiveness to in- 
sulin is ameliorated by adrenalectomy, which also lowers food 
intake, decreases the efficiency of energy use, and depresses lipo- 
genesis.'7* 

Insulin resistance is prominent in fa/fa rats. A comparison with 
ventromedial hypothalamus (VMH)-lesioned rats reveals greater 
tissue insulin resistance in fa/fa rats under similar insulin and obe- 
sity conditions. Insulin resistance is evident in perfused hindlimb 
muscle, both with respect to glucose transport and lactate oxida- 
tion. However, insulin sensitivity in the heart appears normal, al- 
though actual glucose transport and metabolism may be decreased. 
In a euglycemic insulin clamp study, total glucose use in obese rats 
was achieved only at 3.5-fold higher insulin concentration, similar 
to that of lean rats.'”? Muscle insulin resistance was not suggested 
to be the primary etiologic cause of diabesity, on the basis of 2-de- 
oxyglucose uptake studies in young animals.'®° However, there is a 
substantial decrease in [RS-1 protein, insulin-stimulated IRS-1 
phosphorylation, and the expression of PI-3-kinase,'*! consistent 


with deficient GLUT-4 translocation, '"™!* which seems to provide 


the molecular basis for muscle insulin resistance in fa/fa diabesity. 
Oxidative stress has also been implicated in the attenuated glu- 
cose transport in skeletal muscle.'*4 Hepatic VLDL secretion is 
increased, giving rise to a marked VLDL hyperlipidemia.'*> The 
activity of the receptor TK, lipogenic enzymes, and lipoprotein li- 
pase (LPL) was found to be increased in adipose tissue of fa/fa 
rats, 867183 

The secretion of amylase by the exocrine pancreas is also dis- 
turbed. Amylase synthesis is insulin dependent and its activity is 
reduced in insulinopenic conditions. Interestingly, amylase synthe- 
sis was found to be reduced in the hyperinsulinemic, but insulin- 
resistant fa/fa rats and ob/ob mice.'*? These observations indicate 
that insulin resistance is also manifest in proximal acinar cells, pre- 
venting the expression of the amylase gene. 

In young fa/fa rats, adipose tissues grow by hyperplasia and 
hypertrophy up to week 14, whereas in the older obese rats, 
adipocyte proliferation continues until at least week 26, in associa- 
tion with striking cell hypertrophy. Early nutritional abundance has 
a pronounced impact on adipose tissue development, the cellularity 
increasing in both fa/fa and lean rats, while restricted feeding re- 
duces the adipocyte number in Jean rats only. Adipose tissue has an 
increased capacity to take up preformed fat through the insulin- 
induced LPL. fa/fa Rats, compared with normal rats on long-term 
insulin infusion, had both increased LPL expression and activity, 
but LPL mRNA was elevated only in the former. 


BBZ Rats 


Female fa/fa rats have been crossed with the autoimmune male BB 
rats and named BBZ/Wor. As described by Guberski and cowork- 
ers, ®®!9! when heterozygous fa/fa females were mated with dia- 
betic BB/Wor males, the first generation was nondiabetic and lean. 
When the F, females were then backcrossed to BB/Wor diabetic 
males, 18% of the offspring developed diabetes but remained lean. 
The third mating was an intercross between the backcross diabetic 
males and females, of which 74% became diabetic. The fourth 
cross was between the third-cross progeny and F, animals, en- 
abling the selection of carriers of both diabetes and fa genes. Of 
the resultant two groups of lean and obese progeny, about 25% 
were obese and about half of them became diabetic at around 3 
months of age, with a mean blood glucose level near 400 mg/dL 
(22 mmol/L). Also, slightly more than half of the lean group devel- 
oped diabetes at around 3 months with a similar blood glucose 
level. 

The BBZ/Wor rat shows surprising differences between the 
lean and obese offspring. Lean BBZ rats exhibit insulitis with B- 
cell loss, ketosis, weight loss, and a requirement for exogenous in- 
sulin, similarly to the original BB rats. Obese BBZ rats show 
prominent islet hyperplasia coincident with insulitis and degranu- 
lation, are often hyperglycemic but maintain their weight, rarely 
experience ketosis, and survive without insulin treatment. Appar- 
ently the B-cell destructive process is counterbalanced by islet re- 
generation. Thus the BBZ/Wor rat presents a mixed type I/type 2 
diabetes syndrome, comprising features of both autoimmunity and 
insulin resistance. They develop hypertension and hyperlipi- 
demia,'” retinopathy, and neuropathy,” and represent a relevant 
model for exploring the condition of B-cell destruction compen- 
sated by B-cell proliferation. - 
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The Diabetic fa/fa Rat: ZDF/Drt-fa 
4: 


A substrain of fa/fa rats, selectively inbred for hyperglycemia,” is 
useful for the investigation of T2DM. Nonfasting plasma glucose 
levels exceed 400 mg/dL (22 mmol/L) at 10 weeks of age in males. 
The hyperlipoproteinemia is similar to that seen in the regular fa/fa 
rats, but the weight gain and insulin levels are lower. These rats 
also acquire neuropathy and other complications not exhibited in 
falfa rats. ZDF/Drt-fa rats have a reduced expression of muscle 
GLUT-4 transporter, most probably as a result of hyper- 
glycemia.'”* In contrast to fa/fa rats, the capacity to oversecrete in- 
sulin is limited, and they manifest labile, glucose-sensitive B cells 
that proceed to apoptosis.’”° They also demonstrate downregula- 
tion of B-cell GLUT-2 transporters,” which may impair insulin 
synthesis, thus inducing severe type 2-like diabetes. Food restric- 
tion in the prediabetic stage in ZDF rats may prevent B-cell deteri- 
oration and loss of GLUT-2.'"° A deleterious lipotoxic effect of 
high plasma FFA and B-cell triglyceride levels on B-cell function 
has been suggested by Unger and collaborators. "°-°! 


Obese-Hyperglycemic Wistar Kyoto 
Fatty Rat Group 


As reviewed by Kava and colleagues”” and Odaka and associ- 
ates,” this group of rats with polygenic diabetes-hypertension was 
derived from reciprocal crosses between the fa/fa and the glucose- 
intolerant Wistar Kyoto (WKY) rats in Japan. The original strain, 
obtained after several crosses and inbreeding, shows both periph- 
eral and hepatic insulin resistance and hyperinsulinemia. Males are 
hyperglycemic and females become hyperglycemic only on a su- 
crose-rich regimen. Several variants were developed and referred 
to as WDF/Ta-fa rats,"” or Wistar diabetic rats. and WKY/N Drt- 
fa also known as WKY fatty rats. 

The outbred males of the WDF/Ta-fa substrain exhibit hyper- 
glycemia on a high-sucrose diet; females do not develop hyper- 
glycemia, but both genders are hyperinsulinemic. Castration does 
not abolish the sexual dimorphism, whereas it does improve insulin 
sensitivity in fa/fa rats. Neonatal ovariectomy did not aggravate the 
diabesity, indicating no estrogen protection. Males are more hyper- 
phagic than females, which could account in part for the sex differ- 
ence. High hepatic glucose production with elevated PEPCK activ- 
ity that was abolished by adrenalectomy was demonstrated. 
Hypertrophic islets were prominent with pronounced insulin con- 
tent secretion, but this did not compensate for the hyperglycemia. 
Insulin resistance in males was associated with downregulation of 
muscle insulin receptors, leading to decreased insulin binding. TK 
activity per receptor was also reduced, as compared with fa/fa rats, 
again demonstrating the detrimental effect of hyperinsulinemia on 
receptor function.” 

The WKY fatty rats in Japan were reported to be sponta- 
neously hypertensive and nephropathic.”™ Insulin resistance was 
attributed to enhanced muscle TNFa production, inducing an im- 
pairment of postreceptor insulin signaling. The WKY diabetic 
strain was also raised in the United States by crossing with the 
WKYWN stock.” The colony suffered from infections and had to 
be maintained in specific-pathogen-free (SPF) condition. The ani- 
mals delivered by cesarean section were more diabetic than those 
pre-cesarean derived. It is interesting that the infections reduced 
the incidence of type 2-like diabetes in these animals, analogously 
to the effect of pathogens on the diabetes in BB rats and NOD 
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mice, even though the WKY fatty rats were without autoimmune 
background. 


Diabetic Corpulent Rat Group 


Rats with type 2-like diabesity and hypertension were developed 
from two congenic strains, SHR/N and LA/N, at the NIH in 
Bethesda, Maryland (substrain code N). The SHR/N-cp and the 
LA/N-cp rats were obtained by introducing into these backgrounds 
the cp gene of the Koletzky SHR strain, which carries one fa allele. 
The investigators preferred the name “corpulent” and symbol cp" 
or fa‘, but the new proposed designation is lepr™”. Details on the 
backcrosses that led to the different substrains have been provided 
by Greenhouse and associates.”°° The important feature of the cp 
gene is that a small difference in the genomic background leads to 
substrains that markedly differ in the degree of hyperglycemia, hy- 
perlipidemia, insulin resistance, hypertension, nephropathy, ath- 
erosclerosis, and propensity to myocardial lesions.”” These leptin 
receptor—abnormal rats are infertile, which requires test mating 
each generation to identify the individuals for the next cross with 
the partner strain. Mating the congenic heterozygotes yields a lean 
to corpulent ratio of 3:1 at 5 weeks of age. 


SHR/N-cp Rats 

SHR/N-cp males are moderately hypertensive; manifest hyper- 
lipidemia, hyperinsulinemia, glucosuria, and proteinuria; and be- 
come hyperglycemic on a sucrose-rich diet.” They show marked 
and long-lasting B-cell hyperplasia. Insulin receptor malfunction 
is suggested by decreased insulin binding by liver membranes 
and by enhanced gluconeogenesis. Muscle GLUT-4 is reduced 
~40% in SHR/N-cp rats compared with lean controls, whereas the 
insulin-independent GLUT-1 is increased by ~40%.”” Corpulence 
is due to both adipocyte hypertrophy and hyperplasia and pro- 
nounced hepatic lipogenesis. Serum concentrations of counterregu- 
latory hormones, glucagon, corticosterone, growth hormone, and 
somatostatin are elevated. Corpulence and insulin resistance sub- 
side after 1 year. SHR/N-cp females are smaller and less gluco- 
suric, and rarely exhibit nonfasting hyperglycemia. 

Long-term sucrose feeding of SHR/N-cp males results in 
weight gain and accentuates the hyperglycemia, hyperinsulinemia, 
IGT, and pancreatic islet hyperplasia. SHR/N-cp rats are prone to 
glomerulopathy, which is aggravated by the sucrose diet, as are the 
hypertension and proteinuria.”'° Renal changes are consistent both 
with diabetic nephropathy and inflammation, showing segmental, 
diffuse, and nodular intercapillary mesangial expansion, which 
may be an outcome of hyperglycemia and concomitant hyperten- 
sion. 


SHHEF/Mcc-cp Rats 

The SHHF/Mcc-cp rats maintained by McCune and col- 
leagues?!" evolved on a genomic background conducive to the ex- 
pression of cardiomyopathy, dramatically presenting as congestive 
heart failure (CHF). The CHF is expressed in 100% of animals in 
association with hypertension and diabesity. Renal changes similar 
to those in the SHR/N-cp strain also occur, particularly in females. 
The mode of inheritance is polygenic, but the presence of the cp” 
gene is essential. Sexual dimorphism is seen in the onset of CHF 
expression, as is the diabesity and hyperlipidemia, which includes 
also heterozygote littermates. Early death occurs in the following 
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order: males, females, lean males, and lean females. Clinical symp- 
toms resemble those of human CHF: pronounced cardiomegaly, 
edema, hydrothorax, ascites, dyspnea, and visceral hyperemia, as 
well as a pattern of changes in atrial natriuretic factor, norepineph- 
rine, aldosterone, and renin. Morphologic observations indicate de- 
generation of myocytes. Estrone treatment delays but does not pre- 
vent CHF. The calcium channel blocker nifedipine reduces body 
weight, cardiac hypertrophy, and blood pressure, and improves 
glucose homeostasis, mainly in females." 


JCR:LA-cp Corpulent Rats 

Backcrosses of LA/N-cp males with a hooded rat species pro- 
duced an outbred substrain JCR:LA-cp with only about 3% contri- 
bution of the SHR gene but the presence of the fa allele. As re- 
ported by Russell,”'? these rats are not hypertensive, but 
hyperinsulinemic and insulin resistant, with pronounced hyperlipi- 
demia, diabesity, and hepatic lipogenesis.”!* Their prominent fea- 
ture is early cardiovascular disease (CVD) with atherosclerotic le- 
sions of major blood vessels. Such lesions do not appear in fa/fa or 
SHR/N-cp rats. The lesions were morphologically classified into 
stages, assumed to represent the progression and repair of the is- 
chemic damage, ranging from inflammatory cell infiltration 
through myocytolysis to advanced focal infiltration with scaveng- 
ing and collagen bands, with scars at various stages of maturity. 

JCR:LA-cp males show a greater incidence of CVD than fe- 
males, approaching 100% at the age of 9 months. The appearance 
of occlusive thrombi in coronary arteries indicates that the nature 
of the lesion is ischemic-atherosclerotic, although not related to 
plasma cholesterol concentration. Food restriction, strenuous exer- 
cise, alcohol intake, or suppression of lipogenesis by a dicar- 
boxylic acid compound (MEDICA 16)?!> delayed the incidence 
and progression of CVD in association with a decrease in insulin 
resistance. Castration reduced hypertriglyceridemia, but was with- 
out effect on the vascular lesions, indicating that estrogens were 
not protective. Conversely, nifedipine prevented the formation of 
advanced lesions without improving insulin resistance. On the 
other hand, assuming that the hyperinsulinemia is responsible for 
the frequency and severity of CVD, it was proposed that the sus- 
ceptibility to CVD is due to hyperinsulinemic stress, which initi- 
ates the primary endothelial injury, which in the face of hyperlipi- 
demia, excessive caloric intake, and genetic factors progresses 
to intimal atheroma and reduces the life span of JCR:LA-cp 
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RODENTS WITH SPONTANEOUS DIABETES 
OF VARYING ETIOLOGY 


Nonobese Nondiabetic (NON) Mice 


NON mice were bred in Japan from the same CTS line from which 
the NOD mice were derived, but they do not manifest B-cell tar- 
geted autoimmunity. The haplotype of NON mice, H-2”, is distinct 
from the H-2° of the NOD mice. The derivation, genetics, diabetic 
features, and complications have been described by various authors 
in recent reviews. '°':?'®!° Male NON mice display IGT at 9 weeks 
of age. The insulin content and the insulin-mRNA content in the 
pancreas are low, about one-third that of control ICR mice. The 
first-phase insulin response is absent in the perfused NON mouse 
pancreas, and the insulin:glucose ratio after IV glucose injection is 
low. Insulin-binding studies in muscle do not suggest insulin resis- 
tance. However, NON mice show a tendency to obesity on hyper- 


caloric diet, islet hyperplasia, and insulin hypersecretion after a hy- 
pothalamic gold thioglucose lesion. Thus the NON mice represent 
a hypoinsulinemic animal, with an “intrinsic” B-cell defect in in- 
sulin secretion and synthesis, but retaining the potential for B-cell 
proliferation when triggered by hyperphagia or hypothalamic stim- 
ulation. NON mice are prone to nephropathy, even in the face of 
only mild hyperglycemia, exhibiting glomerular lesions with lipid 
deposition and lymphocytic infiltration. 


WBN/Kob Rats 


WBN/Kob rats have been raised from Wistar specimens originating 
in Basel, Switzerland, and investigated in Japan by Mori and 
coworkers.”””*?! Diabetes occurs spontaneously in 40% of males 
at 9 months and in 90% at 12 months of age. The striking feature of 
this genetically recessive syndrome is a lesion in both exocrine and 
endocrine pancreas, involving B and & cells and acini, with de- 
creased insulin, glucagon, and amylase content. The onset of hy- 
perglycemia and glucosuria is gradual and accompanied by weight 
loss rather than obesity, and is accelerated on a high-energy diet. 
The animals are not insulin resistant and respond well to exoge- 
nous insulin. The insulinopenia is associated with a decrease in the 
number and size of islets and multifocal fibrosis extending to the 
exocrine pancreas. An infiltration of the pancreas with inflamma- 
tory cells is noted, as well as fibrous exudation around the pancre- 
atic ducts and capillaries, with deposition of hemosiderin by 3 
months of age. These changes suggest a slow autoimmune process; 
however, the morphologic findings are distinct from those of NOD 
mice and BB rats. Ocular, renal, and neural lesions typical of dia- 
betes have been reported.” 


eSS Rats 


The eSS rats, bred in Argentina, are characterized by a slow onset 
of IGT and hyperglycemia, more severe in males, which becomes 
conspicuous at about | year of age. The colony development, pro- 
longed inbreeding, and the polygenic inheritance pattern together 
with metabolic-endocrine and morphologic features have been re- 
viewed in detail.’”* Islets of 6-month-old eSS rats show an intersti- 
tial tissue growth, vacuolization, and a disrupted pattern due to sep- 
aration by fibrous deposits with a compensatory hyperplasia 
(resembling nesidioblastosis). eSS rats are somewhat overweight, 
insulin resistant, hyperinsulinemic, and hyperlipidemic. Food re- 
striction slows down the progression to diabetes, whereas a high- 
energy diet accelerates the onset of metabolic abnormalities and 
chronic complications in kidneys, nerves, and lenses and shortens 
the life span of the animals. Aggravation of diabetic symptoms was 
noted on a high-sucrose diet.” 


BHE/Cdb Rats 
225 


As related by Berdanier,~” the BHE/Cdb rat strain was developed 
as a model of type 2 nonobese diabetes, by crossing Osborne- 
Mendel rats with a Pennsylvania State College strain. Cdb rats, 
compared with Wistar rats, have a shorter life span, fatty livers, and 
nephropathy. Females are more susceptible to these changes, 
whereas males exhibit a moderate hyperglycemia and mild hyper- 
lipidemia prior to insulin elevation. The abnormalities seem to start 
at the insulin target tissues rather than at the B-cell secretion level; 
however, at 150 days the pancreatic insulin stores are decreased. As 
hepatic lipogenesis is enhanced prior to alterations in glucose 
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homeostasis, defects in hepatic metabolism seem to characterize 
the phenotype. Slow mitochondrial respiratory rates that deterio- 
rate with age were demonstrated, with enhanced lipogenesis linked 
to lower mitochondrial oxidation. A mutation in the mitochondrial 
ATPase gene related to the IGT was reported.” 


OLETF Rats 


Male OLETF rats manifest a spontaneous IGT, hyperglycemia, and 
moderate hyperinsulinemia at about 18 weeks of age and are over- 
weight. This mutation was discovered in the Otsuka Long Evans 
Tokushima colony of rats, from which the LETL rats with autoim- 
munity also originated, and was reviewed recently by Kawano and 
associates. ™””?™® Q-Cell infiltration with fibrotic tissue and 
mononuclear cells is seen around the time of onset, followed by B- 
cell enlargement due to intraislet fibrotic tissue and hemosiderin 
deposits. Deposition of fat droplets as a consequence of hyper- 
triglyceridemia was also present. 

The OLETF rats develop a pronounced nephropathy, with 
clinical and pathological features resembling human diabetic 
nephropathy, characterized by marked thickening and rupture of 
the glomerular basement membrane, focal mesangial lesion, fibrin 
cap, and aneurysmal dilatations of intraglomerular vessels. 


NSY Mice 


The Nagoya Shibata Yasuda mice were selectively inbred for glu- 
cose intolerance from JcI:JCR mice. They represent a model of 
T2DM, but are not severely obese, with a cumulative incidence of 
diabetes of 98% in males and 31% in females. A polygenic inheri- 
tance pattern affecting insulin secretion and insulin sensitivity was 
mapped on four loci on chromosomes 6, 11, and 14. The NSY 
mouse may serve as a model for studies of the etiology of late onset 
of T2DM.*” 


Koletzky (SHROB) Rats, Now Labeled fa“ 


The SHROB rat exhibits obesity, marked hyperinsulinemia, severe 
insulin resistance. hypertriglyceridemia, nephropathy, and hyper- 
tension.”*° The obese phenotype results from a mutation in the lep- 
tin receptor”?! designated fa* that resides on the same allele as the 
falfa rat. Although the SHROB rats have IGT and corticosterone- 
mia, they are normoglycemic in the fasting condition. Because of 
this property, they may represent a model for investigation of gene 
modifiers that dissociate obesity from hyperglycemia. The insulin 
receptor and its IRS-1 substrate are underexpressed. Increased ac- 
tivity of the sympathetic nervous system was proposed to be re- 
sponsible, by separate pathways, for both hypertension and insulin 
resistance. 


RODENTS WITH OVERNUTRITION-EVOKED 
INSULIN RESISTANCE AND DIABESITY 


Psammomys obesus (Sand Rat) 


Although often called sand rats, these animals are gerbils, and their 
popular nickname stems from the fact that they were trapped on the 
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sandy shores of the Nile Delta. They subsist on a diet of succulen 
halophilic plants and have no evidence of diabetes in their Nort] 
African or eastern Mediterranean habitat. Hyperinsulinemia, hy 
perglycemia, and obesity develop on transfer to ad libitum roden 
laboratory chow. The history and features of the nutritionally in 
duced diabesity in Psammomys have been updated,” and thes: 
reviews should be consulted for details. 

Pronounced insulin resistance is evident on a high-energy (HE 
diet relative to their native regimen. In the Jerusalem colony, de 
rived from the Dead Sea region, the progression to diabetes wa: 
classified into four stages, according to serum insulin and glucose 
levels.™® Stage A comprises normoglycemic and normoinsuline: 
mic animals. In stage B the animals gain weight and remain nor. 
moglycemic, but become markedly hyperinsulinemic, which com. 
pensates for the insulin resistance. In stage C the Psammomy: 
animals become hyperglycemic despite extreme hyperinsulinemia 
They show a pronounced peripheral insulin resistance, manifestec 
by reduced muscle uptake of 2-deoxyglucose and diminishec 
GLUT-4 protein and mRNA.?**?** The hepatic resistance is ex- 
pressed as excessive gluconeogenesis due to nonsuppression ol 
PEPCK; however, the hepatic lipogenesis remains responsive to in- 
sulin, with prominent adipose tissue lipid uptake and concomitan! 
obesity. The effectiveness of the augmented insulin secretion is 
low, as a substantial proportion is secreted as proinsulin and its in- 
termediate conversion products.™ In stage D, the plasma insulin 
levels drop and adipose tissue weight decreases, signifying a de- 
cline in insulin secretion. Animals at this stage show massive 
depletion of B-cell insulin granules” and apoptosis'***? and de- 
velop ketoacidosis. They then require exogenous insulin for sur- 
vival. Longitudinal follow-up? demonstrates a characteristic bell- 
shaped curve (Fig. 16-3). Similar progression to full-fledged 
diabetes was seen in another colony of Psammomys from Algeria 
that was maintained in France,7-*! and in a branch of the Israeli 


FIGURE 16-3. Scattergram illustrating the bell-shaped pattem of progres- 
sion of Psammomys obesus to diabesity on a high-energy diet. Stage A: 
Normoglycemia and normoinsulinemia. Stage B: Hyperinsulinemia and 
normoglycemia. Stage C: Hyperinsulinemia and hyperglycemia. Stage D: 
Insulin depletion with marked hyperglycemia. Note the clustering of ani- 
mals in stage B. Longitudinal studies on a group of 37 Psammomys for 16 
weeks after weaning. The data are from animals that are a branch of the 
Jerusalem colony maintained at Deakin University in Australia. (Adapted 
from Howard”) 
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colony maintained in Australia.7"??? In the latter colony the nutri- 
tional obesity and insulin resistance were found to be associated 
with hyperleptinemia and resistance to exogenous leptin.” 

The progression of Psammomys to diabesity resembles that of 
db/db mice, with an important difference: B-cell loss in Psam- 
momys is not solely determined by genetic mutation or by a back- 
ground genome because the Psammomys reverts from stage C or B 
to A on food restriction alone. Some Psammomys were found to re- 
main in stage A even on the HE diet, which led to the isolation of a 
diabetes-resistant line.” The diabetes-prone animals progress on 
the HE diet to stages C or D within 2-3 weeks, whereas the dia- 
betes-resistant animals stay normoglycemic. 

Psammomys represent a model for the B cell loss resulting 
from massive, continuous insulin resistance imposing compensa- 
tory B cell oversecretion. This is evident from fading immunostain- 
ing of insulin, of GLUT2 transporter in the plasma membrane and 
of glucokinase in the cytoplasm of B cells.” These changes be- 
come apparent only in Stage C with the development of hyper- 
glycemia, with shrinking of B cell volume and content. This is sig- 
nificantly correlated with the level of glycemia. Thus, the 
increasing glycemia is most likely responsible for the loss of B cell 
secretory capacity and apoptosis. 

Insulin binding by hepatic and muscle insulin receptors is low 
in stage A Psammomys, about one-fifth that in the albino rat, indi- 
cating a low receptor density.” The activation of TK by insulin on 
isolated insulin receptors from liver or skeletal muscle at stage A is 
similar to that of the albino rat per receptor, but it becomes im- 
paired in stages B and C.*’ Hyperinsulinemia is most likely re- 
sponsible for the reduced TK activation, as it is known to inhibit re- 
ceptor function in other systems.°°??>"* By transferring animals to 
a low-energy diet, it is possible to restore the activation of TK. For 
complete normalization of TK activity, the return to normo- 
glycemia is not sufficient; the restoration of normoinsulinemia is 
required. Further studies demonstrated the overexpression of sev- 
eral PKC isoenzymes, particularly of the isoform PKCe.”*> The 
overexpression and membrane translocation of PKCe appear to 
contribute to insulin resistance by the inhibition of TK activity 
through serine/threonine phosphorylation on the receptor and its 
IRS-1 substrate. In addition, the overexpression of PKCe was asso- 
ciated with attenuation of PKB, an effector of insulin signaling, ac- 
tivating multiple metabolic pathways and partial degradation of the 
insulin receptor as determined by coincubation in human embry- 
onic kidney (HEK 203) cellls.”“° This finding represents the molec- 
ular basis of nutritionally induced insulin resistance in Psam- 
momys. Jt is related to the increase in muscle lipid and 
diacylglycerol levels, a known activator of several PKC isoforms. 
This mechanism is supported by findings of an overexpression of 
PKCe and PKC8 isoenzymes in another model of insulin resist- 
ance in the high-fat-fed rat.?° 

These data show that Psammomys is a gerbil adapted to subsis- 
tence on low-energy food thanks to its endowment with a “thrifty” 
gene advantageous to survival. Unfortunately, in many diabetes- 
prone animals this adaptation is not compatible with lavish food 
provision, and results in hyperinsulinemia, impaired receptor sig- 
naling, and diabesity leading to loss of B-cell function. In this 
sense, the Psammomys is a good model for the study of mecha- 
nisms evoking hyperinsulinemia and diabesity in human popula- 
tions emerging into nutritional abundance. 

A novel gene that encodes a small protein has recently been 
discovered by Collier and colleagues”! in the hypothalamus of 
Psammomys and named “beacon.” Beacon mRNA gene expression 


was positively correlated with percentage of body fat. Intracere- 
broventricular administration of beacon resulted in a dose-depen- 
dent increase in food intake and body weight, and hypothalamic 
overexpression of neuropeptide Y. Simultaneous infusion of bea- 
con and neuropeptide Y potentiated the orexigenic response and re- 
sulted in rapid body weight gain. These novel data suggest a role 
for beacon and neuropeptide Y in body weight homeostasis. 


Acomys cahirinus (Spiny Mice) 


These are large mice, with brownish, bristle-like fur, living in semi- 
arid areas of the eastern Mediterranean, that can attain a weight of 
up to 50 g on rodent chow in captivity. Interest in spiny mice arose 
when obesity with islet hyperplasia and hypertrophy were discov- 
ered in specimens originating from Israel] and maintained in 
Switzerland on fat-rich bird food of sesame, pumpkin, and sun- 
flower seeds. Low insulin secretory capacity was established as a 
characteristic of spiny mice.” The progression of spiny mice to 
diabesity was characterized by remarkable islet proliferation asso- 
ciated with high insulin content, thought to be compensation for 
the low capacity of insulin release, with a sudden loss of function at 
10-16 months of age, followed by fatal ketosis. Because it took 
about 40 generations between the transfer to the laboratory and dis- 
covery of diabetes, it was suggested by Renold and colleagues?’ 
that a mutation might have occurred in captivity, causing defective 
insulin release and compensatory B-cell hypertrophy. 

The ultrastructural B-cell features preceding the fulminant dia- 
betes were an overdeveloped Golgi apparatus and gross hypergran- 
ulation. This differed from the hypersecretion in other diabese 
species, because in spiny mice, plasma insulin levels were only 
marginally increased and hyperglycemia was mild and inter- 
mittent. The low sensitivity of B cells to glucose and other secreta- 
gogues was attributed to low islet cyclic AMP response to stim- 
ulation, low amounts of vincristine-precipitable microtubular 
material, and scarce autonomic islet innervation. 

To investigate the influence of dietary regimens, the diets of 
Geneva and Jerusalem strains (which did not exhibit marked B-cell 
hyperplasia) were exchanged for comparison. The Geneva regi- 
men, including ad libitum seeds containing 15% fat, appeared to be 
the cause of obesity and pancreatic insulin overproduction at 8-10 
months, whereas on the Jerusalem diet of regular laboratory chow 
containing 5% fat, the rise in B-cell insulin and insulin resistance 
was moderate.” These studies led to the conclusion that the low 
insulin response, as well as the obesity, hyperglycemia, and islet 
hyperplasia seen in spiny mice, is characteristic of a desert species 
subjected to nutritional stress rather than being due to a monogenic 
aberration. The low secretory responses of B cells suit the scarce 
food available in their native habitat, and may be protective against 
sporadic overstimulation. 

On a sucrose-rich diet, spiny mice developed hepatomegaly, 
hyperactive lipogenesis, and gross hyperlipidemia. Pancreatic in- 
sulin content rose, but less so than on the fat-rich seed diet, and no 
islet disintegration was apparent even at the age of 18 months. The 
sucrose diet induced an extrathyroidal elevation of triiodothyro- 
nine, enhanced thermogenesis, and energy-wasting metabolic reac- 
tions.”*° This was thought to be protective against excessive weight 
gain and a disruptive islet cell lesion. 

The difference between spiny mice and other models of nutri- 
tionally induced diabesity is that spiny mice do not gradually 
progress to hyperinsulinemia, hyperglycemia, and ketosis. Overnu- 
trition selectively induces B-cell hypertrophy and proliferation 
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with propensity to disintegration. Perhaps similar mechanisms op- 
erate in human low insulin responders when confronted with abun- 
dant nutrition. 


C57BL/6J Mice 


The nonobese, nondiabetic BL/6J mouse, the genomic host of the 
ob/ob mutation, is sensitive to adrenergic stimulation, hyperten- 
sive, and insulin resistant, with a weak first-phase insulin release 
seen at 6 months of age.**° This indicates that abnormalities in the 
autonomic nervous system, B-cell function, and adipocyte metabo- 
lism are responsible for the IGT, and are expressed in BL/6J mice 
on a high-energy fat- and sucrose-rich diet. There is no hyperpha- 
gia or elevation in corticosterone. Genetic mapping has identified 
differences in the expression of uncoupling protein UCP2 in 
adipocytes.”*’ Thus inbred laboratory mice without overt metabolic 
disturbance reveal environmentally induced diabesity and poly- 
genic vulnerabilities on HE nutrition. 


Hypertriglyceridemic (HTG) Rats 


The nonobese hereditary hypertriglyceridemic rat is also insulin re- 
sistant, deficient in muscle GLUT-4, hyperuricemic, and hyperten- 
sive.” These rats were selected by breeding normal Wistar rats 
using the hypertriglyceridemic response to a sucrose-rich diet until 
these symptoms became apparent without nutritional stimulus. The 
abnormalities were aggravated by continued maintenance on the 
sucrose-rich diet but were ameliorated by diets rich in w-3 fatty 
acids. Enhanced secretion of catecholamines was found.” The 
HTG rats, similarly to the C57BL/6J mice, demonstrate a nutrition- 
ally induced genetic predisposition for the insulin resistance syn- 
drome. 


SELECTIVE INBREEDING OF DIABETIC RODENTS 
FROM NORMAL POOLS 


Apart from animals with spontaneous alterations that lead to inap- 
propriate hyperglycemia and B-cell loss, lines of animals with dia- 
betes have been selected from normal pools by repeated breeding 
of individuals with minimal deviation from the mean response to a 
stressful stimulus. These animal lines manifest the requirement for 
environmental influences to make the genetic predisposition clini- 
cally overt, and emphasize the polygenic basis of diabetes which 
resides within the “normal” genetic mosaic. 


Goto-Kakizaki (GK) Rats 


Wistar rats have been bred for over 35 generations in Japan, using 
relative intolerance to a 2-g/kg glucose load as a selection index.” 
The 10% of rats within the “hyperglycemic zone” were mated in 
each generation until the offspring had an IGT at Fig and fasting 
hyperglycemia at F3;. The GK rats are nonobese, and their diabetes 
is inheritable and stable with age. Insulin resistance is present and 
decreased hepatic insulin receptor numbers were noted with nor- 
mal TK activity per receptor.”°' GK rats aroused interest as a model 
of nonobese T2DM on a polygenic basis. Neuropathy, glomeru- 
lopathy, and retinopathy were observed despite only moderate hy- 
perglycemia. 

GK islets are oval or round until 2 months of age, and then be- 
come irregular and starfish-shaped, apparently due to the accumu- 
lation of fibrous material. Insulin secretion in response to glucose 
is impaired, lacking the first-phase release. However, the progres- 


DIABETES IN ANIMALS 247 


sion to diabetes was also related to the reduced B-cell mass. The 
response of ATP-sensitive K* channels to glucose was impaired?“ 
as was the action of various secretagogues,“ pointing to a dys- 
function in glycolytic flux before the glyceraldehyde-3-phosphate 
step or in the glycerol phosphate shuttle. GLUT-2 was also under- 
expressed in GK rat islets,7°> but not enough to explain the defi- 
cient insulin secretion as occurs in db/db mice or ZDF rats. The 
pathogenesis of diabetes in the GK rat has been recently re- 
viewed." It should be pointed out that the GK rats in worldwide 
colonies maintain IGT and low insulin secretion, but other pheno- 
typic properties may differ between the colonies, suggesting ge- 
netic drift. 


Cohen Sucrose-Induced Diabetic Rat 


Cohen and Rosenmann challenged general-stock rats with a cop- 
per-poor, 72% sucrose diet to identify individuals with IGT as re- 
lated in a monograph describing the pathophysiology, complica- 
tions and genetics of the strain.” A two-way selection was 
performed by separate mating of those with highest and lowest glu- 
cose tolerance values. The offspring were again subjected to su- 
crose feeding, and the two-way mating continued, producing 
Cohen diabetes-sensitive (CDs) and Cohen diabetes-resistant 
(CDr) lines. After 4-5 generations, the CDs rats had a persistent 
hyperglycemia of ~280 mg/dL (16 mmol/L). The CDr line had 
normal glucose tolerance even on the sucrose diet. The CDs rats 
are nonobese, and weigh somewhat less than starch-fed controls 
even if their food consumption is higher. They are initially hyperin- 
sulinemic, compared with parent rats or the CDr line, which has in- 
sulin values lower than the parental stock. The liver enzyme pattern 
is typical of insulin resistance: The activity of glycolytic enzymes 
is enhanced, as is that of gluconeogenesis enzymes which are not 
suppressed by insulin. The insulin response to glucose is low and 
exogenous insulin produces only a slight eftect on blood glucose. 
With age, the diabetic rats show atrophy of the pancreas with fatty 
infiltration, and become insulin deficient but not ketotic. The CDs 
rat was also crossbred with the SHR rat, resulting in a hypertensive, 
hyperglycemic, and hyperlipidemic hybrid. The Cohen strain was 
recently newly inbred and the metabolic phenotypes genetically 
characterized,” emphasizing its suitability for studies of the inter- 
action between genetic susceptibility and metabolic-nutritional en- 
vironment as well as the effect of gender on the development of 
T2DM. 


DIABETIC NONRODENTS 


A preference has been expressed for animal models other than ro- 
dents in diabetes research. The advantage of using large animals is 
the possibility of performing catheterizations and clamp studies 
with multiple sampling across organs, as well as long-term longitu- 
dinal follow-up of changes and complications that may be not ex- 
pressed during the short life of rodents. Rodents have a higher rate 
of metabolic fuel turnover than humans and differ in patterns of 
growth, but they have the advantage of enabling performance of 
statistically reliable observations in large cohorts. Ruminants have 
metabolic, nutritional, and digestive characteristics dissimilar to 
humans. Other disadvantages include the necessity for protracted 
care with considerable expenses for facilities and maintenance. It 
may take years to document the complications of diabetes in dogs 
or monkeys because they live much longer than rodents, and their 
life spans are sometimes nearly equal to that of the investigator. 
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There is also the difficulty with terminal experiments. Thus both 
nonrodents and rodents offer a wide range of research opportuni- 
ties, and the choice of a model depends on the specific aims of the 
investigator. 


Primates with Pancreatic Lesions 


Howard” found hyperglycemia without hyperinsulinemia with 
varying degrees of IGT, weight loss. morphologic and functional 
B-cell defects, total B-cell loss, and amyloidosis among the 
Celebes black ape (Macaca nigra) and other simian species. Amy- 
loidosis was also seen in other monkey species with overt diabetes 
including Macaca fascicularis and Macaca radiata, and a baboon, 
Papo anubis.*” Although amyloid is restricted to islet tissue, it is 
unknown whether this is the result of a primary reaction or a sec- 
ondary deposit related to antigen-antibody interaction. However, 
the islet amyloid content correlates with the intensity of diabetes 
and the cessation of insulin secretion. Diabetes in these monkeys is 
severe and associated with hyperlipidemia, xanthomatosis, gluco- 
suria, and ketosis. 

The monkey can also develop a type | diabetes-like syndrome 
which progresses over several years. Circulating antibodies to islet 
cells (ICSAs and ICAs) occur in 80% of macaques with islet dys- 
function. Although a correlation between the antibody titers and 
islet pathology exists, their role in the initiation of insulitis has not 
been established. The presence of these antibodies may reflect a re- 
sponse to antigens released from B cells disintegrating as the result 
of damage by other cytotoxins. The overt diabetes stage is similar 
to human T1DM, requiring insulin treatment.?”° 


Primates with Obesity and Pronounced 
Insulin Resistance 


Rhesus monkeys (Macaca mulatta) in a colony maintained on an 
ad libitum ration develop a type 2 diabetes-like syndrome. Studies 
spanning many years performed by Hansen and Bodkin and col- 
leagues””'’”? defined the changes that occur with progression of 
the disease from leanness to obesity and overt diabetes. Several 
phases were identified using metabolic and endocrine indices, 
starting without appreciable elevations of blood glucose and in- 
sulin during fasting, but IGT following a glucose load. In phase 4, 
plasma insulin levels were 161 U/mL versus 2 U/mL in phase 1. 
In phases 5 and 6, body weight peaked at ~19 kg and plasma in- 
sulin at ~400 U/mL. At this stage the monkeys were leptin resis- 
tant.” Insulin levels dropped in phases 7 and 8, at which time 
blood glucose levels were two- to threefold higher than in phase 1. 
Overt diabetes was prevalent in monkeys 10-20 years old, with 
pronounced weight loss and B-cell malfunction associated with the 
deposition of amyloid’” (Fig. 16-4). Hyperinsulinemia in the dia- 
betic obese monkeys was associated with altered muscle insulin re- 
ceptor mRNA splicing.””° assumed to be related to the nutritionally 
induced insulin resistance. 

Long-term dietary restriction was beneficial in extending the 
life span?”° and preventing diabetes.””’ Sedentary lifestyle and obe- 
sity in captivity promote the progression to hyperglycemia and B- 
cell exhaustion. However, IGT with preserved insulin response was 
found also in 4 out of 30 free-ranging Macaca fascicularis in Mau- 
ritius, without correlation to age or obesity.” The phases of dia- 
betes development in monkeys spanning 10-20 years in captivity 
are reminiscent of those described in Psammomys, occurring dur- 
ing several weeks and representing a common effect of surplus en- 
ergy intake and low energy expenditure. 


25) e 
Fasting 20] 
plasma 154 ee © 
se 
Gamol) 10) ee t? °> 
See? Ceee®aeee o0? © 
0 
57 
Glucose 47 œ e 
disappearance e 
rate (KG) 3] eo? Pes 
= e 
(%/min) 2° a as 
17 © of 
La 
0 
2500 ] PX 
Fasting 2000] 
plasma 1500 7 - 
insulin k: -e e 
(pmol/L) 1000 i ° 
aie 2 eo". ee* cec” eo ,e 
0 
100 9 
% of islet 757 
occupied 
by amyloid 507 
25] 
0 
100) 
% of islet 754 
occupied 
by insulin 504 
25 | 
0 
<12 <12 Hyper- Diabetic 
years years insulinemic 


obese 

FIGURE 16-4. Progression of rhesus monkeys (Macaca mulatta) to dia- 
besity on an ad libitum diet over 12 years. The X axis represents individual 
monkeys arranged left to right from normal to diabetic. Note that the peak 
plasma insulin concentrations, indicating oversecretion and resistance, oc- 
curred prior to the reduction in the peripheral glucose disappearance rate 
and the onset of fasting hyperglycemia. The exhaustion of B-cell insulin se- 
cretion was associated with amyloid deposition. (Personal contribution of 
Dr. Barbara C. Hansen.) 


Dogs and Cats 


The frequency of spontaneous, type |-like diabetes in dogs of vari- 
ous breeds appears to be | in 200.7” Canine diabetes appears to be 
due to the loss of B cells by a heterogenous autoimmune 
process,”*” or a result of pancreatitis, which is common in dogs. A 
general inflammatory reaction with extensive sclerosis and fibrosis 
was evident in the excised pancreas of diabetic dogs of different 
breeds transplanted with islets obtained from healthy dogs.**' An 
increase in and 6 cells and mononuclear infiltration was seen in 
the remaining islets, constituting only ~10% of the normal B-cell 
mass. ICAs, ICSAs, and complement-dependent cytotoxicity were 
not detected, and no islet immunoglobulin deposits were found. 
These findings demonstrate characteristics different from those of 
rodents or monkeys. The pancreata were removed months after the 
onset of diabetes, by which time any evidence of an immune reac- 
tion might have disappeared. A multitargeted immune aggression 
rather than a specific islet-directed autoimmunity is considered 
likely. Chronic pancreatitis with an immune defect is also plausi- 
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ble. Extensive studies of retinopathy have been made in sponta- 
neously and experimentally diabetic dogs as well as galactosemic 
dogs, as reviewed by Kem and colleagues.”** 

A defined genetic disorder in keeshond dogs has been re- 
viewed by Kramer.”*" This type 1-like diabetes in nonobese dogs is 
a spontaneous autosomal recessive disorder with onset at 2-6 
months of age. When not maintained on insulin, these dogs become 
severely hyperglycemic, hyperlipidemic, and ketotic, and develop 
cataracts and other complications, as well as becoming infertile. 
Immunocytochemical investigation of the pancreas revealed a spe- 
cific absence of B cells, but no basis has been found for an autoim- 
mune etiology of the islet lesion. 

The incidence of feline diabetes is estimated to be 1 in 800. 
Little is known about its pathogenesis or genetics. Morphologic 
changes in islets are minor, but in some early reports hyaline-amy- 
loid deposits were seen.””"78°?*4 Cats exhibit massive deposits of 
islet amyloid, a product of islet amyloid—associated polypeptide, 
which is normally coproduced, costored, and most probably co-se- 
creted with insulin, as reviewed by O’Brien and associates”* (see 
Chaps. 3, 21, and 17). Amyloid may be involved in the pathogene- 
sis of diabetes by impairing insulin secretion in cats and possibly 
other species. 

Cat insulin’s structure differs from that of human insulin at 
four positions, and appears to be the only insulin with histidine at 
position A18, close to the receptor-interacting area. This suggests 
that this histidine position in cat insulin may influence the binding 
of insulin to its receptor." 


CONCLUSION 


The animal species with diabetes described in this chapter present 
an opportunity for investigation of the endocrine, metabolic, and 
morphologic changes in diverse phenotypic forms of both type 1 
and type 2 diabetes. None of the species exhibits the full spectrum 
of functional or structural lesions associated with diabetes in hu- 
mans, but each offers an opportunity for investigating certain clus- 
ters of derangements that are common in diabetic humans, particu- 
larly in their formative stages. A few concluding statements on the 
lessons learned from the numerous models of type 2 diabetes are 
appropriate. 

A distinction may be made between those endowed with robust 
B cells with long-lasting secreting capacity that can sustain the 
huge insulin requirements needed to compensate for the resistance 
during the entire life span of the animal. and those with labile B 
cells that fail to compensate for the insulin resistance (Fig. 16-5). 
The animals of the second group initially oversecrete and present 
the full picture of typical diabesity. Later their B cells succumb to 
the pressure of oversecretion and irreversibly necrotize. They are 
vulnerable to hyperglycemia, either because of the diabetogenic 
genomic background. or glucotoxicity, or both. 

Another feature common to most animal models of T2DM is 
hyperinsulinemia, which develops early in life, often prior to obe- 
sity. This is a result of a hypothalamic aberration that causes hyper- 
phagia by transmitting signals directly to the pancreas through the 
vagus nerve, or is attributable to the availability of abundant nutri- 
tion, or is perhaps due to a low secretion threshold. It should be 
stressed that the hyperinsulinemia and the hyperglycemia that de- 
velop later are the hallmarks of diabesity. When these occur, they 
signify an advanced stage. with manifest B-cell malfunction. Fur- 
thermore, hyperinsulinemia and hyperglycemia are also detrimen- 
tal by another mechanism. Insulin excess impairs hepatic and mus- 
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FIGURE 16-5. The inverted U shape of the relation between plasma insulin 
and glucose levels of several animal species during the development of ge- 
netic or nutritionally induced diabesity. The full circles indicate that all 
listed animals progress to stage B of hyperinsulinemia and obesity. The 
half-circles in stage C indicate sequential moderate hyperglycemia and re- 
markable obesity. whereas full circles at stage C indicate pronounced hy- 
perglycemia in db mice. male ZDF rats, rhesus monkeys and Psammomys 
gerbils. These four animals progress at varying rates to the endpoint of B- 
cell loss in stage D, as a result of apoptosis. glucotoxicity, amyloid deposi- 
tion, or other causes. Other animals continue to oversecrete and compensate 
for the insulin resistance through the capacity of their B cells to sustain pro- 
longed overstimulation. 


cle insulin receptor function by modifying intracellular phosphory- 
lation along the cascade of signaling sequences. One of the most 
damaging results is the inability to restrain the expression of 
PEPCK, the rate-limiting enzyme of gluconeogenesis, and this 
contributes substantially to the hyperglycemia. It is intriguing that 
in almost all animals with diabesity, the hepatic insulin resistance 
involves gluconeogenesis, whereas insulin-induced lipogenesis 
continues to be enhanced, resulting in hyperlipidemia and obesity. 
By shunting some of the glucose excess to lipids, many of the dia- 
bese species are able to maintain moderate hyperglycemia, but the 
amelioration of glycemia by this mechanism incurs fat deposition 
that exacerbates obesity. 
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CHAPTER 17 


Pathology of the Pancreas in Diabetes Mellitus 


Per Westermark 


As soon as it became clear that the islets of Langerhans play a 
central role in the development of diabetes mellitus, pathologists 
focused their interest on this part of the pancreas. Many of the 
structural islet lesions that we now know to reflect important patho- 
logical events in the pancreas were described at an early date.” At 
that time there was no clear distinction between different diabetes 
mellitus syndromes and although differences between the patho- 
logical findings in young and old diabetic individuals were noted, 
the two diabetes groups were not separated. Only much later was 
the separation of patients into the syndromes of insulin-dependent 
or type | diabetes mellitus (T1DM) and non-insulin-dependent or 
type 2 diabetes mellitus (T2DM) performed. We now recognize 
that the islet pathology in T1DM is very different from the majority 
of individuals with T2DM. Most recently, distinctive but rare forms 
of diabetes mellitus have been described, such as familial in- 
sulinopathies* and maturity onset diabetes of the young (MODY). 
It should be pointed out that many studies of human islet pathology 
are based on autopsy materials that may not be completely clean 
(i.e., they may include cases misinterpreted as either type | or type 
2). The considerable overlap between TIDM and T2DM concern- 
ing islet or B-cell volume may partially depend on this problem. 

This chapter deals primarily with the pancreatic pathology of 
type | and type 2 diabetes. Some pathogenetic aspects of these 
syndromes are also discussed. Comparably little is known about 
the pancreatic pathology in the rare forms of diabetes. 


PANCREAS IN T1DM 


General 


In recent onset type 1 diabetes, no significant reduction of pancre- 
atic size is found.** In long-standing T1DM, there is often, but not 
always, a significant reduction of pancreatic weight” accompa- 
nied by interstitial fibrosis of the exocrine tissue.“ However. the 
weight reduction only affects the pancreatic peptide (PP)-poor part 
of the pancreas." Arteriosclerotic and arteriolosclerotic changes are 
very common in long-standing T1DM and are often pronounced.*° 
These may lead to secondary changes such as local atrophy and 
pronounced fibrosis. 


Islet Cells and Islet Cell Volume 


Even in recent onset T1DM, there is often a reduction in the num- 
ber of islets™® but in quantitative studies, there is considerable 
overlap with the normal pancreas.’ A reduction of B-cell granula- 


tion is often conspicuous.’ Even in islets from individuals with a 
very brief history of TIDM, the number of B cells is greatly re- 
duced, the majority of islets being devoid of them.*'° These so- 
called pseudoatrophic islets. like islets in long-standing T1DM, 
consist of a-, 8 and PP cells, and thus are devoid of insulin (and 
islet amyloid polypeptide; IAPP). The islets are composed of cords 
of small cells (Fig. 17-1). Islets consisting entirely of PP cells in- 
crease in frequency with the duration of TI1DM,'° but there is no 
demonstrable increase of the volume density of PP cells.” In long- 
standing type 1 diabetes, the islets are small’! and there is a major 
reduction of islet volume,**” which is caused largely by the nearly 
complete lack of islet B cells. This B-cell atrophy coincides well 
with the very small amount of extractable insulin in such pancre- 
ata.'” In spite of the pronounced B-cell loss, a few B cells are com- 
monly found in many cases of type | diabetes of long duration. A 
decrease in a-cell volume has been found in one study.’ 


Inflammatory Cell Infiltrate (Insulitis) 


Infiltration of the islets with mononuclear inflammatory cells (in- 
sulitis or isletitis) (Fig. 17-2) is a common finding in TIDM of re- 
cent onset,**''? especially in children under 10 years of age.” In 
pancreatic material from 16 young persons who had had diabetes 
for only a few days. Gepts and De Mey found islets with lympho- 
cytic infiltration in 9.'° However, in specimens of pancreatic biop- 
sies from 17 individuals with recent onset of T1DM, Imagawa and 
colleagues found insulitis in only 9, and concluded that there may 
exist at least two mechanisms for B-cell death.” Insulitis has also 
been described rarely in late-onset diabetes in conjunction with 
islet amyloid." In cases of TIDM of longer duration, insulitis 
may be absent.*"!? When present, the inflammatory infiltrate con- 
sists mainly of T lymphocytes, B lymphocytes and macrophages. '* 
T lymphocytes predominate and there are usually more CD8 T 
cells than CD4 T cells,'*!° although the opposite has been found in 
isolated cases.” 

Lymphocytic infiltration occurs only in islets with B cells and 
is seen in at least 80% of pancreata of individuals who have been 
studied at the clinical onset of TIDM.'° In type | diabetes of recent 
onset, three main types of islets have been described: apparently 
normal islets, inflamed islets, and pseudoatrophic islets, which are 
devoid of B cells but contain all other islet cell types.*! There is 
reason to believe that these different islet forms reflect a pathologic 
chain of events and that many islet abnormalities are present long 
before the clinical onset of diabetes. The end result may be the so- 
called pseudoatrophic islet. 
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FIGURE 17-1. Islet from the pancreas of a patient with long-standing 
TIDM. The islet is small and consists of cords of cells, mainly œ cells 
(X 475). 


By studying patients that have undergone pancreas transplanta- 
tion for the treatment of T1 DM, evidence has been obtained of the 
pathogenic importance of the inflammatory infiltrate in B-cell de- 
struction. Some such patients have had recurrence of their diabetes, 
and in association with this, insulitis similar to that seen in recent 
onset type 1 diabetes has been found.'* However, recurrent type 1 
diabetes and B-cell Joss without signs of insulitis in the transplant 
has also been recorded.'” 

During recent years it has become evident that some individu- 
als, previously believed to have T2DM in reality are suffering from 
late onset TIDM. Understandably, few studies of the pancreatic 
pathology have been performed on such cases. In a pancreatic 
biopsy from one such individual with “latent autoimmune diabetes 
in adults.” typical insulitis with CD4* and CD8* T cells was iden- 
tified. 


Expression of Major Histocompatibility Complex 


Like all other cells, islet epithelia] cells normally express class | 
MHC. However, in recent onset type | diabetes there is a hyper- 


FIGURE 17-2. Heavy infiltration of an islet with lymphocytes from a pa- 
tient with recently diagnosed TIDM (X 500). (Reproduced, with permis- 
sion, from Volk BW: Pathology of the diabetic pancreas. In: Porte D, Sher- 
win R, eds. Ellenberg & Rifkin’s Diabetes Mellitus, 4th ed. Appleton & 
Lange: 1988.) 


expression of class I MHC in a, 8, and B cells,'**°?" which dis- 
appears in the pseudoatrophic islets, and which is not seen in 
other chronic inflammatory pancreatic disorders. There is also an 
x-interferon-like immunostaining of B cells in these islets.” Ex- 
pression of Fas occurs in endocrine cells, mainly B cells, in many 
islets with insulitis, and inflammatory cells expressing Fas ligand 
may be found in the same islets, possibly indicating Fas-mediated 
apoptotic B-cell death.** Aberrant expression of class II antigen in 
some B cells has also been reported in recent onset TIDM.'*° 
The importance of the hyperexpression of class I MHC and aber- 
rant expression of class II MHC in the autoimmune process is not 
fully understood. However, both events are believed to precede 
the insulitis and to be involved in its pathogenesis.”' 


Islet Regeneration 


Signs of B-cell regeneration are common in recent onset type | di- 
abetes, Small new islets appear to differentiate from exocrine ducts 
and consist of hyperactive B cells.” Such islets can also become 
targets of lymphocytic infiltration. 


Other Islet Lesions 


Some degree of islet fibrosis is common. Islet amyloidosis is ab- 
sent in T1DM. In spite of this, there are a few reports of islet amy- 
loidosis in young individuals with diabetes, and this includes 
Opie’s original description.' The nature of the amyloid as well as 
the exact type of diabetes in these patients is not clear. 


PANCREAS IN T20M 


General 


Since type 2 diabetes is a disease of slow onset, it is difficult to dis- 
tinguish a definite time of onset of the disease. Therefore very little 
is known about the early pancreatic pathology of T2DM in hu- 
mans. Such studies have to be performed in animal models of type 
2 diabetes.”** 

In contrast to TIDM, the pancreas in T2DM is usually of nor- 
mal size”''?° but with a tendency toward fatty infiltration,” most 
probably due to the obesity present in many of these patients. Arte- 
riosclerotic changes, often severe, are the rule, and diffuse or focal 
fibrosis is common. 


Islet Cells and Islet Cell Volume 


There are several studies showing a moderate reduction of the total 
islet volume in T2DM.””° This reduction is mainly due to a re- 
duced B-cell mass,””’ reflected by a significantly lower relative 
islet B-cell frequency in type 2 diabetes.''”*?° However, there is a 
significant overlap between nondiabetic and diabetic elderly indi- 
viduals in both islet volume and percentage of islet B cells,“ and 
in one study no significant islet volume reduction was found,'' A 
pronounced B-cell loss as seen in TIDM does not occur in T2DM. 
Furthermore, the cells in type 2 diabetes are rich in granules and 
not degranulated as in type | diabetes. In one study, densitometric 
studies of insulin immunolabeled sections did not reveal any differ- 
ence between diabetic and nondiabetic individuals.*° There are 
contradictory results concerning the a-cell mass in T2DM, with 
both reduced a-cell mass,” and increased a-cell mass'' reported. 
In a majority of individuals, many of the islets show pathological 
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alterations, particularly amyloid deposits. The shape of the islets is 
often more irregular in T2DM~™ and enlarged islets occur in cases 
with islet amyloidosis.*’ Hyperproinsulinemia is a typical feature 
of T2DM. In one immunohistochemical study with proinsulin anti- 
body, an increase in B cells with signs of impaired proinsulin pro- 
cessing was found in obese, but not in lean, type 2 diabetic pancre- 
atic islets.” Proinsulin gene expression was decreased in $ cells in 
amyloid-containing islets as compared to islets without amyloid.” 


Islet Hyperplasia 


Hyperplasia of islet cells resulting in marked islet hypertrophy has 
been reported in one study of pancreatic specimens from nondia- 
betic obese individuals," and in an other study the B-cell volume 
in obese type 2 diabetic patients was twice that of nonobese dia- 
betic individuals.*? Obese, nondiabetic individuals had the greatest 
B-cell volume, which was four times that of nonobese diabetic 
subjects. 


Islet Regeneration 


Signs of islet regeneration have sometimes been described in type 
2 diabetes. However, the volume distribution of islets is usually 
normal in T2DM (except for islets with heavy amyloid infiltration), 
suggesting that there is no significant regeneration of whole 
islets.” 


Islet Amyloid 


It has sometimes been stated that the pancreas (including the islets) 
is morphologically normal in T2DM. Nevertheless, the most typi- 
cal and frequent lesion, deposition of amyloid in the islets of 
Langerhans, was described independently in two articles at the be- 
ginning of the 20th century.'* Although the similarity to amyloid 
was pointed out early.™ the deposited material was first described 
as hyaline, and it was not until the green birefringence under polar- 
ization microscopy after Congo red staining was recognized and 
the fine fibrillar ultrastructure demonstrated that the amyloid nature 
of the deposits was accepted.” 


Frequency of Islet Amyloid 


Some degree of islet amyloidosis is found in a majority of type 2 dia- 
betic patients. The frequency varies among studies. Bell” reported 
some degree of islet amyloidosis in 46% of diabetic patients over 50 
years of age. In our own material, 95% of T2DM patients over 60 
years old exhibited some degree of islet amyloidosis, but in some 
modem materials a low frequency (57%) has also been reported.” 
The differences in the frequency of islets with amyloid among studies 
is probably due to methodological variations; also, the degree of islet 
amyloidosis is easily underestimated. The frequency of islets with 
amyloid deposits is higher in the pancreatic tail and body compared 
to the head,™” and the distribution of affected islets is often uneven. 
Sometimes, lobuli with pronounced islet amyloid deposits may be 
found, while other parts of the pancreas contain no or little amyloid. 
Some islet amyloid deposits are also commonly found in non- 
diabetic individuals.**? In these subjects, the number of affected 
islets is generally much smaller and the degree of islet amyloidosis 
is significantly less. There are, however, examples of severe islet 
amyloidosis in nondiabetic individuals."®“” It is possible that these 
individuals in reality suffered from undiagnosed T2DM. 
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FIGURE 17-3. Islet from a patient with T2DM. The islet is heavily infil- 
trated with amyloid. which constitutes more than 509% of the islet volume. 
In this section. residual endocrine cells appear as cords in the amyloid 
masses (X 225), 


Structure and Topography of Islet Amyloid 


Islet amyloid is strictly localized to the endocrine tissue and is not 
seen in the exocrine tissue (Fig. 17-3). In individuals with slight 
degrees of islet amyloidosis, the lesion appears as small deposits in 
the interstitium between islet cells and capillaries, or as a thin amy- 
loid deposit covering the capillary side of the endocrine epithelial 
cell groups. With more pronounced deposition, islets can become 
more or less converted into amyloid lumps (Fig. 17-3), although 
some B, a, and 8 cells almost always remain. Ultrastructurally, like 
all types of amyloid. islet amyloid is composed of thin non- 
branched fibrils 7-10 nm in diameter (Fig. 17-4). In the larger de- 
posits, these fibrils form a disorganized network, while in small 
fibril aggregates and in deposits close to B cells, the amyloid fibrils 


FIGURE 17-4. Typical islet amyloid fibrils forming a disorganized network. 
The section was labeled with antiserum to islet amyloid polypeptide (TAPP) 
and the reaction visualized with protein A-gold particles. The amyloid 
fibrils (A) react with the antiserum to TAPP. but the collagen (C) does not 
(X 50.000). 
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FIGURE 17-5. Electron photomicrograph showing the periphery of B cells 
containing many typical granules. Amyloid (A) is seen extracellularly 
as parallel bundles in deep plasma membrane-lined pockets of the cells 
( 54,000), 


tend to form parallel bundles (Fig. 17-5). Such bundles are often 
seen in deep cytoplasmic membrane-lined pockets in the B cells, 
but not in other cells.” This close relationship between islet amy- 
loid and B cells has been interpreted as a sign of formation of fibrils 
from a protein produced by these cells.” 

There is some controversy regarding the exact site of islet amy- 
loid formation. Virtually all islet amyloid is found extracellularly, 
even in cases with very slight (and therefore probably early) de- 
posits.“ Formation of the fibrils extracellularly. but in close contact 
with B cells, has been suggested.” However, intracellular forma- 
tion of the amyloid has also been proposed” and studies of amy- 
loid formation in human islets transplanted into nude mice” and 
electron microscopic studies of human insulinomas™ have sup- 
ported this supposition. Given the concept that amyloid formation 
is a nucleation-dependent process, it is possible, but not proven, 
that the first amyloid forms intracellularly by mechanisms yet to be 
clarified. The main bulk of amyloid may then be formed extracellu- 
larly on the amyloid originally formed, after the death of the cell 
containing the first amyloid.** 


Pathogenic Importance of Islet Amyloid 


Islet amyloid was long regarded as a characteristic islet lesion of 
type 2 diabetes, but was thought to be of no pathogenic importance. 
Study of the phenomenon is difficult in humans, and investigations 
in the relationship between islet amyloid and diabetes in the pri- 
mate Macaca nigra™® and the domestic cat?” were largely disre- 
garded. However, recent experiments with transgenic mice ex- 
pressing human [APP have changed this view since a close 
relationship between glucose intolerance or diabetes and occur- 
rence of islet amyloid deposits has been shown repeatedly in such 
animals (see Chap. 21).***° Whether islet amyloid is of initial 
importance in the pathogenesis of type 2 diabetes is thus far uncer- 
tain, but there is a growing consensus that islet amyloid is impor- 
tant in the continuing deterioration of B-cell function in type 2 dia- 
betes.**! Beta cells in contact with even small deposits of islet 
amyloid show signs of degeneration, with parallel bundles of fibrils 
running through the basement and cell membranes.” In islets with 
more heavy deposition, severe B-cell degeneration occurs. It is rea- 


sonable to assume that B-cell function is impaired in such cases, 
both by direct destruction of the cells and by the barrier formed by 
the amyloid masses.” There is also experimental evidence that 
IAPP amyloid fibrils, like AB-protein fibrils in Alzheimer’s dis- 
ease. exert a cytotoxic effect by a yet unknown mechanism.*2** 
There is also evidence that the most toxic species are not fully de- 
veloped amyloid fibrils, but the initially formed “protofibrils”*4 
(see below). Since severe islet amyloidosis occurs more often in 
patients who have been treated with insulin.**°° it is probable that 
islet amyloid at least partly explains secondary failure in the treat- 
ment of type 2 diabetes with oral hypoglycemic drugs. It should be 
mentioned, however, that not all investigators believe in the patho- 
physiologic importance of islet amyloid deposits.” 


Nature and Pathogenesis of Islet Amyloid 


All types of amyloid fibrils are polymers of small proteins, with 
one specific protein characteristic of each amyloid form.*’ Several 
polypeptide hormones are known to give rise to local amyloid de- 
posits.“ Islet amyloid has as a major constituent islet amyloid 
polypeptide (APP; amylin),”” which is a 37-amino-acid polypep- 
tide related to the neuropeptide calcitonin gene-related peptide 
(CGRP) (Fig. 17-6).°°*' IAPP is mainly expressed by islet B cells 
as a 89-amino-acid prepropolypeptide of which a 22-amino-acid 
leader sequence is cleaved off initially. The 67-amino-acid 
prolAPP is converted to mature IAPP by cleavage at two basic 
amino acid residues flanking the IAPP sequence. IAPP is stored 
with insulin in the secretory granules” and the two peptides are re- 
leased together. However. on a molar basis, the ratio of [APP to in- 
sulin is less than 1:10 in islets and plasma. 

The physicochemical mechanisms by which amyloid fibrils 
form are likely similar among the different biochemical forms of 
amyloid, and include adoption of a beta sheet secondary structure 


FIGURE 17-6. Human islet amyloid polypeptide is a 37-amino-acid 
C-terminally amidated peptide. For full biologic activity, [APP requires a 
disulfide bond between residues 2 and 7 und the C-terminal amidation. 
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FIGURE 17-7. Fibrils formed from synthetic human IAPP. These fibrils 
resemble the native islet amyloid fibrils in size and staining properties 
(Xx 60,000). 


of the protein.“ The beta strands are arranged perpendicularly to 
the fibril axis, allowing strong intermolecular noncovalent bond- 
ing. There is a growing body of research indicating that very thin 
“protofibrils” form first and that these subsequently assemble to 
make up the mature fibrils.“ These protofibrils, which may be 
the most significant in causing B-cell injury. usually escape detec- 
tion with ordinary electron microscopic studies and may well be 
present in islets apparently free of amyloid. 

Human IAPP, like IAPP in other primates and in cats, has a 
strong intrinsic fibril-forming tendency (Fig. 17-7). In contrast, 
TAPP of most other animal species does not form fibrils due to in- 
terspecies amino acid substitutions in the 20-29 segment of the 
molecule®*°? (Fig. 17-8). 

It is not known why IAPP forms islet amyloid in T2DM, al- 
though an overexpression of the peptide may be of importance. 
However, transgenic mice overexpressing human IAPP do not 
readily form islet amyloid, indicating that additional factors are of 
importance. Free fatty acids may induce altered expression, pro- 
cessing, storage or release of IAPP.”! Beta cells of islets with amy- 
loid contain little or no [APP immunoreactivity” in spite of near 
normal insulin immunoreactivity and the presence of IAPP mRNA 


FIGURE 17-8. The 20-29 segment of human CGRP and of LAPP Irom four 
species. The sequence differences help to explain why only certain species 
like humans and cuts develop islet amyloid. while others such as mice and 
hamsters do not. The symbol (—) indicates identity with human IAPP 
20-29. Note the complete lack of identity in the 20-29 segments of human 


CGRP and TAPP. 

Human IAPP20-29 SNNFGAILSS 
Cat IAPP20-29 ---L-----P 
Mouse IAPP20-29 ---L-PV-PP 
Hamster IAPP20-29 N--L-PV--P 


Human CGRP20-29 
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in IAPP-negative islet cells.” This lack of immunoreactivity is not 
due to depletion of (pro)IAPP in the B cells, but IAPP seems to be 
present in the cells in an abnormal, as yet undefined form.” 

Islet amyloid contains, like all other types of amyloid, several 
additional components that are always present. Thus the glycopro- 
tein amyloid P component (SAP), which is a plasma pentraxine 
protein, is a constituent of islet amyloid. Proteoglycans, especially 
the heparan sulfate proteoglycan perlecan, is present in islet amy- 
loid? and the glycosaminoglycan moiety is the reason why the 
amyloid can be histologically stained with anionic dyes such as al- 
cian blue.”* Apolipoprotein E (apo E) has been of considerable in- 
terest in the pathogenesis of AB-amyloid in Alzheimer’s disease, 
and one allelic form (apoE4) is a risk factor for late-onset 
Alzheimer’s disease. Apo E has also been shown to be a component 
of human islet amyloid.*'”* The importance of these additional 
components in the pathogenesis of the amyloid fibrils is unknown 
at present, but it has been suggested that they may stabilize a fibril- 
logenic protein conformation and thereby function as “pathological 
chaperones." 


DIABETES MELLITUS SECONDARY TO 
PANCREATIC DISEASE AND OTHER RARE 
FORMS OF DIABETES MELLITUS 


Diabetes mellitus commonly occurs in patients with chronic pan- 
creatitis, cystic fibrosis, and hemochromatosis. In all these dis- 
eases. the exocrine parenchyma is primarily destroyed, leading to 
severe fibrosis. Islet atrophy with fibrosis occurs later and is usu- 
ally not as severe as that of the exocrine parenchyma.”® The pres- 
ence of iron in some islet B cells seems to play an important role in 
the development of diabetes in hemochromatosis.” These rare 
forms of diabetes are not associated with islet amyloidosis. A type 
of diabetes resembling type 2 diabetes commonly develops in con- 
junction with pancreatic carcinoma.” Although the tumor often 
causes widespread destruction of pancreatic tissue, loss of islet tis- 
sue is not a major cause of the diabetes, since partial pancreatec- 
tomy often improves the diabetic state.” The pathogenesis of this 
tumor-associated diabetes form is therefore unknown, 

Other rare forms of diabetes mellitus about which little is 
known of the pancreatic pathology include insulinopathies* and 
maturity onset diabetes of the young (MODY). In patients with di- 
abetes associated with a mutation in mitochondrial DNA, Otabe 
and colleagues found a reduced number of B cells but no insulitis.” 
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CHAPTER 1 8 


Classification and Diagnosis of Diabetes Mellitus 


Silvio E. Inzucchi 


Diabetes mellitus is a common metabolic disease characterized by 
increased circulating glucose concentrations associated with ab- 
normalities in carbohydrate, fat, and protein metabolism, and a va- 
riety of microvascular, macrovascular, neurologic, and infectious 
complications. In stark contrast to the consistency in these cardinal 
manifestations is a significant variability in its etiopathogenesis. 
An appreciation of the myriad causes of diabetes is aided by a thor- 
ough understanding of the homeostatic mechanisms serving to 
maintain extracellular glucose concentrations within a specified 
normal range. These are comprehensively reviewed in Chap. 1. 
Briefly, in the absence of disease, plasma glucose concentrations 
during fasting are kept within tight physiologic boundaries through 
the effects of insulin, the hormone governing intermediary metabo- 
lism. During fasting, low circulating insulin concentrations serve to 
modulate endogenous glucose production, primarily of hepatic ori- 
gin. This effect is counterbalanced by a variety of other regulatory 
hormones, chiefly glucagon. In the postprandial setting, ingested 
carbohydrates are absorbed from the gastrointestinal tract. The re- 
sultant tendency for glucose concentrations to rise is blunted by an 
abrupt increase in pancreatic insulin secretion, shutting off hepatic 
glucose production and simultaneously augmenting glucose dis- 
posal into peripheral tissues, such as muscle and fat as well as the 
liver. Perturbations in this finely regulated system may result in 
hyperglycemia. 

All diabetic states result from an inadequate supply of insulin 
or an inadequate tissue response to its actions. The former occurs 
in, for example, type | diabetes, which culminates from the auto- 
immune destruction of the insulin-producing ß cells within the pan- 
creatic islets. The latter occurs when the insulin receptor is defec- 
tive, or, more commonly, when genetic and/or acquired defects in 
postreceptor intracellular signaling pathways attenuate the sub- 
sequent physiologic response. Such is the case with the more widely 
prevalent type 2 diabetes, a complex disorder resulting from periph- 
eral insulin resistance, combined with relative insulin deficiency. 

In this chapter, the currently accepted clinical classification of 
diabetes mellitus, the categorization of progressive stages of abnor- 
mal glucose homeostasis, and the available diagnostic tests that are 
commonly used to make these distinctions are reviewed and placed 
into historical perspective. Distinguishing normality from disease 
is an ongoing challenge in many areas of endocrinology, and the 
reader should keep in mind that classification schemas and numer- 
ical diagnostic thresholds will always be, in part, artificial con- 
structs emanating from the desire to partition individuals and the 
conditions that afflict them. Nonetheless, they provide an important 
framework upon which patients and diseases can be diagnosed, 
treated, and studied. 


ETIOLOGIC CLASSIFICATION OF DIABETES 


Not a single disease, diabetes is a heterogenous group of disorders 
related to each other only because of their primary manifestations: 
hyperglycemia and resultant vascular complications. In the past, 
when the understanding of underlying pathophysiologic mecha- 
nisms was less mature, its classification was based on either the age 
groups affected’ or on conventional treatment paradigms.”* For 
instance, the currently designated type | diabetes mellitus was 
referred to as “juvenile-onset diabetes mellitus (JODM)” or “in- 
sulin-dependent diabetes mellitus (IDDM),” while type 2 diabetes 
mellitus was labeled “adult-onset diabetes mellitus (AODM)” or 
“non-insulin-dependent diabetes mellitus (NIDDM).” As knowl- 
edge regarding the underlying cellular and even molecular under- 
pinnings of diabetes has matured, a more pathophysiologically 
based nomenclature has developed. See Table 18-1 for the etiologic 
classification schema currently accepted by both the American Dia- 
betes Association (ADA) and the World Health Organization 
(WHO).* 


Type 1 Diabetes Mellitus 


Type | diabetes mellitus (T1DM) is responsible for approximately 
5-10% of all cases of diabetes in the Western world. It is character- 
ized by severe insulin deficiency resulting from B-cell destruction. 
Ultimately, circulating insulin concentrations are negligible or 
completely absent. When the disease is fully expressed (and in the 
absence of insulin therapy), patients with TIDM exhibit not only 
hyperglycemia but are also ketosis-prone. Thus, these individuals 
are “dependent” on insulin for survival. B-Cell destruction inT1DM 
is autoimmune in nature. Islet inflammation (“insulitis”) may be 
seen in pathologic pancreatic specimens from individuals prior to 
the development of diabetes. Once hyperglycemia and insulin de- 
pendence are well established, however, selective loss of B cells 
may be the only histologic abnormality (Chap. 20). 

As with most autoimmune diseases, T1DM is associated with 
genes within the major histocompatibility complex (MHC). The 
prevalence of certain histocompatibility locus antigens (HLAs) is 
either increased (DR3, DQ2 or DR4, DQ8) or decreased (DR2, 
DQ6).° One or several immune response or other genes are likely 
to enhance the effect of these HLA antigens, rendering the patient 
at increased susceptibility to B-cell injury, through the interaction 
of one or several environmental factors. The presence of islet cell 
injury in patients with TI DM is reflected in certain circulating anti- 
bodies. such as islet cell antibodies (ICAs), insulin autoantibodies 
(IAAs), and antibodies to glutamic acid decarboxylase (GAD) and 
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TABLE 18-1. Etiologic Classification of Diabetes Mellitus 


Type | (formerly insulin-dependent diabetes. IDDM) 
Beta-cell destruction, resulting in absolute insulin deficiency. 
Autoimmune 
Idiopathic 

Type 2 (formerly non-insulin-dependent diabetes. NIDDM) 

Variable disorder ranging from predominately insulin resistance with rela- 
tive insulin deficiency to a predominately insulin secretory defect 
with or without insulin resistance. 

Other specific types (secondary diabetes) 

Genetic defects of B-cell function (i.e.. MODY) 
Genetic defects of insulin action 
Diseases of the exocrine pancreas 
Other endocrinopathies 
Drug- or chemical-induced 
Infections 
Uncommon forms of immune-mediated diabetes 
Other congenital syndromes associated with diabetes 
Gestational diabetes 
Diabetes diagnosed during pregnancy, with usual resolution postpartum. 


Source: Adapted with permission from Alberti er al.* 


ICA512 (or IA2).’ Type 1A diabetes refers to the form that is as- 
sociated with such immune markers, although it should be noted 
that as permanent islet cell destruction is established, antibody 
titers may dissipate or disappear entirely. A less common second 
subtype, Type 1B, is idiopathic in ongin, and may not have an 
immune-mediated etiology.* 

Although the islet autoimmunity can precede clinical manifes- 
tations of disease by years or even decades, the presentation 
of T1DM is often abrupt and severe because of the eventuation of 
a loss of a critical mass of insulin-producing cells. The clinical 
onset of TIDM is marked by hyperglycemia developing over 
several days to weeks, usually associated with weight loss, fatigue, 
polyuria, polydipsia, blurring of vision, and evidence of volume 
contraction. The presence of ketoacidosis indicates the severe de- 
ficiency of insulin, which leads to both the hyperglycemia as well 
as unrestrained lipolysis. In this setting. increased circulating 
concentrations of free fatty acids provide substrate to the liver 
for the accelerated production of ketones (as well as energy for 
gluconeogenesis). Ketone clearance by the kidneys is reduced 
due to volume contraction. The result is hyperketonemia, and an 
anion-gap metabolic acidosis. If uncorrected, the dehydration 
and acid-base disturbance will lead to further electrolyte abnormal- 
ities, cardiac dysrhythmias, hemodynamic collapse, and, ultimately, 
death.® 

T1DM is usually diagnosed prior to the age of 30-40 years, 
most commonly in childhood or in adolescence. However, T1DM 
occurs throughout life and is often misdiagnosed as T2DM when it 
appears after the age of 40 years. Individuals with T1DM are typi- 
cally lean, although the presence of obesity certainly does not pre- 
clude the diagnosis. Despite the genetic predisposition for T1DM, 
most affected patients, in contrast to type 2 diabetes, have no family 
history of diabetes. 

T1DM, particularly when poorly controlled, predisposes pa- 
tients to microvascular diseases, such as retinopathy and nephro- 
pathy; atherosclerosis, resulting in cardiovascular, cerebrovascular, 
and peripheral vascular disease; neuropathy; complications during 
pregnancy; and infection. 


Type 2 Diabetes Mellitus 


In many ways, type 2 diabetes mellitus (T2DM) is an entirely sepa- 
rate disorder from T1DM. It is a much more common condition, 
responsible for more than 90 percent of cases of diabetes worldwide. 
The autoimmune markers of type | diabetes are typically absent. 
While relative beta-cell insufficiency is, by definition, present in all 
individuals with T2DM, the disorder in most is characterized by 
insulin resistance detected at the level of skeletal muscle, adipose 
tissue, and the liver.’ Insulin resistance at the former site results 
in decreased peripheral glucose disposal, while at the latter, in 
increased hepatic glucose production. Unlike T1DM, a family his- 
tory is common, although the inheritance pattern of this disease is 
complex and suspected to be polygenic (Chapters 21 to 24). 

In many individuals, the natural history of T2DM begins with a 
period of insulin resistance with preserved, indeed augmented, 
pancreatic insulin secretion, as the insensitivity to insulin action 
in peripheral tissues is overcome by hyperinsulinemia." As a re- 
sult, plasma glucose concentrations remain relatively normal. As 
the disease progresses, however, pancreatic islet cell function fal- 
ters and is no longer able to meet peripheral demands. As a result, 
insulin levels fail to keep up with requirements, and hyperglycemia 
ensues. This may be first manifested in the post-prandial setting, 
while fasting glucose is preserved early in the disease course. Even 
in those with late-stage T2DM, insulin secretion persists to an ex- 
tent required to suppress lipolysis in most patients, so that ketoaci- 
dosis rarely occurs. Ketosis can develop, however, when an inter- 
vening medical illness poses a severe metabolic stress, further 
heightening insulin resistance and impairing the insulin secretory 
response. Because of renal glucose clearance, plasma glucose con- 
centrations in T2DM typically plateau in the 250 to 350 mg/dL 
range. However, in the presence of any superimposed deterioration 
in renal function or marked dehydration, further elevations may 
occur. Hyperosmolar, hyperglycemic nonketotic (HHNK) coma 
can result and can be life-threatening.” 

Compared to patients with TIDM, those with T2DM are typi- 
cally older, usually over 40 years, and are commonly overweight, 
if not frankly obese. Over the past decade, however, a frightening 
increase in the prevalence of T2DM has been noted in younger age 
groups, even in children.'' This is felt to result from increasing 
rates of obesity and inactivity in populations from certain ethnic 
groups predisposed to T2DM, including Native, African, and His- 
panic Americans, and Pacific Islanders. 

In patients with or at risk for T2DM, a group of other clinical 
and biochemical characteristics is frequently encountered. These 
include central obesity, hypertension, dyslipidemia (elevated tri- 
glycerides, decreased HDL-cholesterol, and increased small dense 
LDL-cholesterol), a procoagulant state, endothelial dysfunction, 
and an increased risk for premature cardiovascular morbidity. This 
constellation of findings is often referred to as the metabolic syn- 
drome (formerly, syndrome X). Insulin resistance is felt by many to 
be the root cause of this complex, and, thus, many refer to it as the 
“insulin resistance syndrome.”'? The striking predisposition of 
patients with T2DM to cardiovascular disease, even prior to their 
development of significant hyperglycemia, may result from the 
combined effects on the vasculature of these manifestations. 

While patients with T2DM can use insulin for blood glucose 
control, they rarely require it to avoid the life-threatening compli- 
cations of ketoacidosis. Importantly, however, when insulin is re- 
quired for optimal blood glucose control, the designation of disease 
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type is not changed. It should also be noted that some adult indi- 
viduals with diabetes mellitus, usually between the ages of 20 and 
40 years, share features of both type | and type 2 disease and, as a 
result, escape easy categorization, These individuals are often 
leaner and more insulin deficient than those with classica! T2DM. 
Frequently, immune markers of T1DM are present, and their hyper- 
glycemia appears to represent a slowly progressive form of auto- 
immune diabetes. Furthermore, it has recently been discovered that 
as many as 10 percent of elderly patients classified as T2DM may 
also have measurable titers of autoantibodies associated with 
T1DM. Similarly, these patients may also have a slowly evolving 
form of T1DM, which is now referred to as “latent autoimmune dia- 
betes of adulthood (LADA)”'* T2DM predisposes patients to the 
same microvascular, macrovascular, developmental, and infectious 
complications associated with T1DM. 


Other Forms of Diabetes Mellitus 
(Secondary Diabetes) 


Several forms of diabetes result from or are related to another 
specific disease process or genetic disorder. According to current 
classifications, these conditions are considered neither T1DM 
nor T2DM and are grouped together under “other specific types,” 
sometimes referred to as “secondary diabetes.”** This category 
represents a variety of conditions that are included because of 
(1) a recognized comprehension of the underlying pathogenensis; 
(2) the molecular defects governing the hyperglycemia are well 
defined; or (3) a clear association between the diabetes and an oth- 
erwise precisely defined clinical syndrome. These somewhat 
disparate criteria for inclusion in this category highlight the lack 
of understanding of the etiologic mechanisms involved in the far 
more prevalent TIDM and T2DM. It is quite likely, however, that 
over the next decade, many forms of diabetes currently classified 
under these broad umbrellas will have their etiologies better de- 
fined and be recategorized into this other designation. More likely, 
as knowledge in the areas of molecular medicine and genetics con- 
tinues to explode, the classification of diabetes may at some point 
be completely transformed. At this time, however, this category of 
diabetes includes genetic disorders of B-cell function and insulin 
action; inflammatory, infiltrative, and neoplastic diseases of the 
pancreas; diabetes resulting from other endocrinopathies or infec- 
tious diseases, or the use of certain medications or exposure to cer- 
tain chemical agents; rare forms of immune-mediated diabetes; and 
a variety of other congenital syndromes frequently associated with 
hyperglycemia. 


Genetic Defects in B-Cell Function 

Maturity onset diabetes of the young (MODY) is a clinically 
heterogeneous group of hyperglycemic disorders with an autoso- 
mal dominant mode of inheritance that may account for 1-5% of 
diabetes cases in the United States. Patients with MODY are usu- 
ally not obese and may be mildly hyperglycemic. They are gener- 
ally not predisposed to ketoacidosis. The onset of disease is typi- 
cally before age 25 years, usually in childhood or adolescence, 
although the mild nature of the disorder may mask clinical detec- 
tion for many years. There is a strong family history of diabetes in 
multiple generations (Chap. 21). Primary defects in B-cell function, 
which are becoming well defined, appear to be responsible for all 
cases of MODY. To date, six separate genetic mutations have been 
characterized and numbered, MODY | through MODY 6. The mu- 
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tated gene in MODY 2 encodes for glucokinase, a glycolytic en- 
zyme. The remaining genes encode for a variety of transcription 
factors: hepatocyte nuclear factor-4a (HNF-4a) in MODY 1, HNF- 
la in MODY 3, insulin promoter factor-1 (IPF-1) in MODY 4, 
HNF-18 in MODY 5, and neurogenic differentiation factor 1 (Neu- 
roD1) (or beta-cell E-box transactivator 2 (BETA2) in MODY 6." 
MODY 3 has the highest prevalence rate, and MODY 2 is the 
next most common form of the disorder. Each of these genes is 
expressed in islets and their mutations result in abnormal glu- 
corecognition by the ß cell, or in insulin secretory dysfunction, or 
both. Although uncommon, understanding MODY, particularly the 
mechanisms that attenuate insulin secretion, has led to a better 
understanding of pancreatic endocrine dysfunction in T2DM. 


Genetic Defects in Insulin Action 

Abnormalities of the insulin molecule or its receptor can lead 
to diabetes, but these are extraordinarily rare conditions that are 
manifested in infancy. Leprechaunism, which results from an inac- 
tivating mutation in the insulin receptor, for example, is character- 
ized by severe insulin resistance, dysmorphic features, intrauterine 
growth retardation, and acanthosis nigricans. Other forms of dia- 
betes in this category include type A insulin resistance with acan- 
thosis nigricans, Rabson-Mendenhall syndrome (dental dysplasia, 
dystrophic nails, precocious puberty), and lipodystrophic diabetes. 
More recently, genetic mutations in the nuclear transcription factor 
known as PPAR-y (peroxisome proliferator—activated receptor-y) 
has been associated with severe insulin resistance and diabetes 
(Chap. 21)."° 


Exocrine Pancreatic Diseases 

Diseases of the nonislet pancreas are also frequently associated 
with abnormalities of glucose tolerance. Hyperglycemia can be 
a sequela of both acute and chronic pancreatitis, as well as other 
diseases that involve the pancreatic parenchyma, such as hemo- 
chromatosis and cystic fibrosis. In the tropics, malnutrition-related 
fibrocalculous pancreatitis has been linked to diabetes.'© Hyper- 
glycemia is also commonly encountered in patients with carcinoma 
of the pancreas. 


Other Endocrinopathies 

Other hormonal disorders are frequently associated with glu- 
cose intolerance and sometimes, frank diabetes (Chap. 25). Most of 
these involve the secretion of counterregulatory factors, leading to 
a state of decreased insulin sensitivity. Glucose intolerance is seen 
in 50% of patients with acromegaly, which is usually caused by a 
growth hormone-secreting pituitary adenoma.'’ In this condition, 
elevated circulating levels of growth hormone (GH) antagonize in- 
sulin action. Circulating concentrations of insulin-like growth fac- 
tor 1 (IGF-1) are also increased. Although IGF-1 has hypoglycemic 
properties, its interactions with the insulin and IGF-1 receptors ap- 
pear to be overwhelmed by the counterregulatory effects of GH. 
Cushing’s syndrome often presents with hyperglycemia, although 
this condition is notoriously difficult to diagnose until hypercorti- 
solemia leads to other clinical features, such as moon facies, cen- 
tral obesity, hirsutism, hypertension, abdominal striae, emotional 
lability, and myopathy. Glucocorticoids also antagonize insulin ac- 
tion and augment hepatic gluconeogenesis. Glucose intolerance 
has been demonstrated in over 80% of patients with Cushing’s syn- 
drome.'* Catecholamines increase hepatic glucose production, de- 
crease and inhibit insulin release. Thus, diabetes can also occur in 
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patients with pheochromocytoma and/or paraganglioma, with up to 
two-thirds having some degree of glucose intolerance.” Diabetes 
may also occasionally be encountered in patients with hyperthy- 
roidism, presumably due to augmentation of B-adrenergic activity, 
and primary hyperaldosteronism, possibly related to decreased in- 
sulin release from hypokalemia. Finally, several neuroendocrine 
tumors of the pancreas are also associated with diabetes, including 
those elaborating primarily glucagon, vasoactive intestinal peptide, 
and somatostatin. Glucagonoma is rare, but carries the strongest as- 
sociation with diabetes. This tumor is associated with normocytic 
anemia and a pathognomonic rash involving the groin, genital, and 
perineal regions, known as necrolytic migratory erythema.”° 


Drug- and Chemical-Induced Diabetes 

A number of medications have been implicated in the develop- 
ment of diabetes. In most situations, the use of the drug may simply 
unmask an underlying tendency toward glucose intolerance.”! Such 
drugs include those that contribute to insulin resistance, most no- 
tably glucocorticoids, but also growth hormone, levothyroxine 
(in excess), and niacin.** Atypical antipsychotics, especially cloza- 
pine and olanzapine, are associated with diabetes, at times mani- 
fested by severe hyperglycemia or even ketoacidosis.” These 
drugs frequently lead to weight gain but also may directly alter 
insulin sensitivity. Other diabetogenic medications or chemical 
agents decrease insulin secretion (B-adrenergic antagonists; cal- 
cium channel antagonists; diuretics, especially thiazides; diazox- 
ide; dilantin; and octreotide) or lead to B-cell destruction (pentami- 
dine and the rodenticide. vacor).*° Certain chemotherapeutic agents 
or immunomodulators, such as mithramycin, L-asparaginase, and 
a-interferon, have also been associated with new cases of diabetes, 
although the precise mechanisms involved are not completely 
understood. 


Infections 

Certain viral agents have been implicated as the “environmen- 
tal” factor that triggers the immune response in T] DM, including 
rubella, CMV, Coxsackie, mumps, and adenovirus. No specific virus 
appears to be responsible, however, for most cases. 


Uncommon Forms of 

Immune-Mediated Diabetes 

Rarely, patients may present with hyperglycemia and/or hypo- 
glycemia due to anti-insulin or anti-insulin receptor antibodies. Stiff- 
man syndrome is an autoimmune neurologic affliction associated 
with increased circulating titers of anti-GAD antibodies and diabetes. 


Other Genetic Syndromes 

Diabetes or impaired glucose tolerance is also found with in- 
creased frequency in a number of congenital disorders such as 
Down’s syndrome, Turner’s syndrome, myotonic dystrophy, Kline- 
felter’s syndrome, Prader-Willi syndrome, Huntington’s chorea, 
Wolfram’s syndrome, Werner’s syndrome, Alstrom’s syndrome, 
Friedrich’s ataxia, porphyria, and the Laurence-Moon-Biedl syn- 
drome.** In most cases, the diabetes is non-insulin requiring. 


Gestational Diabetes Mellitus 


Diabetes diagnosed during pregnancy is referred to as gestational 
diabetes mellitus (GDM), a category that necessarily includes 
both diabetes first appearing or first being recognized during preg- 
nancy. The diagnosis of GDM is usually made on the basis of a 


routine oral glucose tolerance test (OGTT) during the late second 
trimester. It occurs in approximately 2-5% of all pregnancies, with 
a greater frequency in those populations with a higher incidence 
for T2DM, such as Native, African-and Hispanic Americans. Treat- 
ment usually consists of diet and exercise, although a minority will 
require insulin. GDM is accompanied by significant risks to both 
mother and fetus, such as pregnancy-induced hypertension and 
fetal macrosomia (with resultant increased frequency of obstetric 
complications and rates of cesarean delivery). Neonatal complica- 
tions related to fetal hyperinsulinism (hypoglycemia, hypocal- 
cemia, hypomagnesemia, polycythemia, and hyperbilirubinemia) 
are associated with increased perinatal mortality.” The woman with 
GDM is at high risk for recurrence of hyperglycemia during future 
pregnancies and for T2DM later in life.™ Offspring of diabetic preg- 
nancies are themselves at future risk for both T2DM and obesity as 
adults.” GDM and T2DM can be considered two variations of the 
same general disease process, with insulin resistance and obesity 
(r 25), decrease playing prominent roles in their pathogeneses. 


DIAGNOSTIC CRITERIA AND THE SPECTRUM OF 
ABNORMALITIES IN GLUCOSE HOMEOSTASIS 


Diabetes is characterized by progressive elevations in circulating 
glucose concentrations. In T2DM, these elevations occur over 
years to decades. As they pass from the normal into the diabetic 
range, glucose levels transition through an intermediate and less 
well-categorized phase referred to as impaired glucose tolerance 
(IGT). While the hyperglycemia of diabetes is clearly associated 
with an increased risk of microvascular and macrovascular com- 
plications, as well as increased mortality, there has been less 
agreement on the implications of these earlier and more mild glu- 
cose elevations. Over the past decade, however, the nsk associated 
with IGT has become clear, with affected individuals at increased 
risk not only for progression to diabetes, but also for increased 
cardiovascular morbidity.7° IGT, widely recognized to occur in 
patients destined to develop T2DM, may be seen in individuals 
prior to the development of TIDM. In the Diabetes Prevention 
Trial, for example, a group of asymptomatic subjects at risk 
for TIDM (on the basis of family history and positive islet cell 
antibody titers and/or abnormal first-phase insulin secretion dur- 
ing an intravenous glucose tolerance test) demonstrated mild ele- 
vations of glucose either while fasting or after an oral glucose 
challenge.” 


Historical Overview 


The modern era of diabetes classification began less than 40 years 
ago, with the first attempt to not only categorize the various clini- 
cal presentations of the disease but also to devise acceptable crite- 
ria for its diagnosis. Several revisions of this initial schema have 
since been undertaken by various international bodies, as knowl- 
edge has grown in both epidemiologic and pathophysiologic 
spheres. 


First Report of the WHO Expert Committee 

on Diabetes Mellitus, 1965 

The first attempt to “review the current knowledge on diabetes 
mellitus and to recommend definitions of the various terms used in 
application to this disorder in the interests of international unifor- 
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mity” was performed in 1965 by the WHO.’ In the manuscript that 
resulted, patients were divided into several categories: 


e Potential diabetic: An individual with a normal response to a 
glucose tolerance test (GTT), but who remains at high risk for 
the future development of diabetes (because of a strong family 
history or because of having delivered a macrosomic child). 

¢ Latent diabetic: An individual with normal response to a GTT, 
but in whom a GTT in the past had been abnormal, or an ab- 
normal response to a provocative test, such as a cortisone- 
stimulated GTT. 

e Asymptomatic (subclinical, chemical) diabetic: An individual 
with a diabetic response to a GTT but whose fasting venous 
whole blood glucose is under 125 mg/dL. 

e Clinical diabetic: An individual with an abnormal GTT re- 
sponse and with symptoms or complications of the disease. 


The Committee endorsed the use of some form of oral glu- 
cose challenge for the diagnosis of diabetes, although it was not 
prepared to specify whether the amount of carbohydrate load 
should be 50 or 100 g. It regarded a normal response 2 hours after 
a load to be a whole blood venous glucose <110 mg/dL; diabetes 
was diagnosed if this value reached or exceeded 130 mg/dL. 
A so-called “borderline state” included those subjects between 
110 and 129 mg/dL. While the Committee recognized that the 
presence of glycosuria with a fasting whole blood glucose of 
>130 mg/dL likely represented diabetes, their absence in no way 
ruled out the diagnosis. Each of these parameters was somewhat 
arbitrary. 

Once the diagnosis of diabetes was made, the Committee pro- 
vided the following recommendations for classifying the various 
types of this disorder, based solely on age of the patient at the time 
of disease onset: 


e Infantile or childhood diabetic: Onset between 0 and 14 years, 
usually presenting with severe initial symptoms, becoming 
rapidly insulin-dependent. 

e Young diabetic: Onset between 15 and 24 years, usually 
with acute onset of symptoms, with most becoming insulin- 
dependent. 

¢ Adult diabetic: Onset between 25 and 64 years, beginning with 
variable symptomotology and variable requirements for insulin. 

e Elderly diabetic: Onset after age 65 years, frequently present- 
ing with symptoms of diabetic complications and often con- 
trollable without insulin. 


In addition to these types, the Committee also recognized other 
terminologies, such as juvenile-type diabetes, brittle diabetes, 
insulin-resistant diabetes, gestational diabetes, pancreatic dia- 
betes, endocrine diabetes, and iatrogenic (drug-induced) diabetes. 
It was recommended, however, that such nomenclature, while use- 
ful particularly for purposes of research or population reports, not 
replace the classification based on age of onset. The Committee 
also recognized that the diagnostic label of “diabetes” was inade- 
quate and that future consideration should be given to a “fuller and 
more meaningful descriptive classification.” 


International Workshop of the National 

Diabetes Data Group, 1979 

The decade following the first WHO Expert Committee Report 
witnessed a significant growth in the understanding of the etiology 
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and pathogenesis of diabetes. This prompted several groups to call 
for revised international nomenclature, diagnostic criteria, and 
classification. As a response, the National Institutes of Health con- 
vened the National Diabetes Data Group (NDDG).? In 1979, the 
NDDG published a consensus statement, “Classification and Diag- 
nosis of Diabetes Mellitus and Other Categories of Glucose Intol- 
erance.” Their proposals were endorsed by multiple bodies, includ- 
ing the ADA and the WHO. 

In addition to standardizing the OGTT to a 75-g glucose load 
for nonpregnant adults, the salient new proposals by the NDDG in- 
cluded the following: 


1. The classification of diabetic patients on the basis of age of 
onset should be eliminated. Instead, diabetes should be divided 
into several distinct subclasses: 

e Insulin-dependent diabetes mellitus (IDDM), or Type 1, de- 
scribing patients whose clinical presentation was character- 
ized by abrupt onset of symptoms, insulinopenia, dependence 
on injected insulin to sustain life, and proneness to ketosis. 
Non-insulin-dependent diabetes mellitus (NIDDM), or Type 
2, describing those patients frequently presenting with 
few or no symptoms, in whom insulin levels were variable, 
and who were not ketosis-prone, and therefore did not de- 
pend on insulin to sustain life. Some patients with NIDDM 
would require insulin, however, for the correction of sympto- 
matic fasting hyperglycemia in the setting of failure of the 
more conventional therapy, oral agents. Patients in this sub- 
class were further divided into obese NIDDM and nonobese 
NIDDM. 

° Diabetes associated with other conditions and syndromes 

* Gestational diabetes mellitus 
2. Terminologies previously used, such as “chemical,” “latent,” 

“borderline,” “subclinical,” and “asymptomatic” diabetes 

should be abandoned. Instead, individuals with plasma glucose 

(PG) levels intermediate between those considered normal and 

those considered diabetic should be categorized as “impaired 

glucose tolerance (IGT)” (see diagnostic criteria below). 

3. Individuals with normal glucose tolerance but who had pre- 
viously experienced transient hyperglycemia, either sponta- 
neously or because of a recognized stimulus, should be catego- 
rized as “previous abnormality of glucose tolerance.” 

4. Individuals at significantly higher risk to develop diabetes than 
the general population, usually due to a strong family or ob- 
stetric history, should be categorized as “potential abnormality 
of glucose tolerance.” 

5. The diagnosis of diabetes (in nonpregnant adults) should be 
restricted to: 

e Those with classical symptoms of diabetes (polyuria, poly- 
dipsia, ketonuria, weight loss) and “gross or unequivocal” 
hyperglycemia. 

e Those with fasting venous PG (FPG) = 140 mg/dL on more 
than one occasion. 

e Those who, if FPG < 140 mg/dL, exhibit sustained eleva- 
tion of PG during a 2-hour OGTT (described as a PG = 
200 mg/dL both at 2-hours and at one or more points be- 
tween Q and 2 hours). 


The NDDG defined normal fasting venous plasma glucose (FPG) 
as < 115 mg/dL. No category was yet created for those with inter- 
mediate FPGs (i.e., 115-139 mg/dL), although the Group did re- 
mark that fasting values in this range probably indicated a degree 


270 DIABETES MELLITUS 


of abnormal glucose tolerance, the implications of which had not 
yet been fully assessed. 

The cutpoints of 140 mg/dL for FPG and 200 mg/dL for 2-hour 
PG were demarcated for several reasons: (1) These thresholds 
were found to be the approximate midpoint separating the two 
components of the bimodal distribution of FPG and 2-hour PG, 
respectively, in certain population studies, such as Pima Indians; 
(2) the prevalence of diabetic microvascular complications, as evi- 
denced by epidemiologic data available at the time, appeared to 
increase sharply beyond an FPG of 140 mg/dL and 2-hour PG of 
200 mg/dL; and (3) a large amount of epidemiologic data had already 
accumulated based upon these thresholds. The new category of IGT 
was endorsed in order to identify individuals with plasma glucose re- 
sponses to oral glucose challenge somewhere between normal and 
diabetic. It was felt that categorizing these persons as “diabetics” 
was not justified since they appeared to not carry a risk for devel- 
oping microvascular complications associated with diabetes, they 
did not reliably progress to frank diabetes, and they often reverted 
to normal glucose tolerance upon retesting. Thus, the NDDG cnite- 
ria were more comprehensive and descriptive, although perhaps 
less stringent than those of the WHO Expert Committee in 1965. 


Second Report of the WHO Expert Committee 

on Diabetes Mellitus, 1980 

The WHO adopted the classification and diagnostic criteria of 
the NDDG in 1980,’ changing solely the requirements of the 
OGTT to include only a baseline and 2-hour PG specimen. As a 
result, IGT could be diagnosed if the 2-hour PG fell between 140 
and 199 mg/dL, with the second value = 200 mg/dL at 30, 60, or 
90 minutes no longer being required. There was continued empha- 
sis by the WHO on the response to oral glucose as a key element in 
the diagnosis of diabetes. 


The WHO Study Group on Diabetes 

Mellitus, 1985 

In 1985, the only changes made to the previous WHO classifi- 
cation and criteria were very minor.”® The first was the inclusion of 
“malnutrition-related diabetes mellitus,” which was thought to be 
an important cause of diabetes in tropical developing countries, 
and included fibrocalculous pancreatic diabetes, as well as protein- 
deficient pancreatic diabetes. The second was the rounding of SI 
units for PG values to the nearest tenth of a millimole, instead of 
to the nearest millimole. Diagnostic criteria were otherwise main- 
tained, with continued emphasis of the plasma glucose response to 
OGTT. 


Report of the Expert Committee on the 

Diagnosis and Classification of Diabetes 

Mellitus, 1997 

Until 1997, the ADA had endorsed the criteria of the NDDG. 
In 1995, an international expert committee was invited by the ADA 
to review the scientific literature since 1979 and to decide if 
changes to the classification of and diagnostic criteria for diabetes 
were required.” The Committee published its findings in 1997, and 
these continue to be endorsed by the ADA. The most notable 
changes recommended by the Committee include the following: 


1. The terms “insulin-dependent” and “non-insulin-dependent,” 
as applied to diabetes, should be abandoned, as they were felt 
to be both confusing and imprecise. Instead, the main sub- 
classes of diabetes would be, simply, “type 1” and “type 2.” 


TABLE 18-2. Diabetes Mellitus: 1997 ADA Diagnostic Criteria* 


1. Symptoms of diabetes plus casual plasma glucose concentration 
= 200 mg/dL (11.1 mmol/L). Casual is defined as any time of day 
without regard to time since last meal. The classic symptoms of dia- 
betes include polyuria, polydipsia, and unexplained weight loss. 

or 

2. FPG = 126 mg/dL (7.0 mmol/L). Fasting is defined as no caloric intake 
for at least 8 hours. 

or 

3. A 2-hour PG = 200 mg/dL (11.1 mmol/L) during an OGTT. The test 
should be performed as described by WHO.” using a glucose load 
containing the equivalent of 75g of anhydrous glucose dissolved in 
water. 


“In the absence of unequivocal hyperglycemia with acute metabolic decompensation, 
these criteria should be confirmed by repeat testing on a different day. The third 
measure (OGTT) is not recommended for routine clinical use. 


Source: Reprinted with permission from American Diabetes Association.” 


2. The FPG threshold for the diagnosis of diabetes should be low- 
ered from 140 to 126 mg/dL (Table 18-2). 

3. Normal FPG should be < 110 mg/dL; those individuals with 
FPGs between 110 and 125 mg/dL should be newly catego- 
rized as “impaired fasting glucose (IFG),” intended to be the 
fasting equivalent of IGT. 

4. Although the older criteria, using both random (now called 
“casual”) and post-OGTT glucose concentrations, were not 
changed, FPG was recommended as the preferred screening 
and diagnostic test due to its wide availability, simplicity, and 
convenience over OGTT. (See Table 18-3 for the ADA recom- 
mended screening guidelines.) 


This decision to reduce the diagnostic threshold for FPG was 
based on epidemiologic data that emerged since the NDDG crite- 
ria were developed. It was recognized that only one in four indi- 
viduals without a prior diagnosis of diabetes but with a 2-hour PG 
= 200 mg/dL during OGTT also had an FPG = 140 mg/dL.” 
Thus, the two cutpoints endorsed by the NDDG and WHO did not 
actually identify equivalent groups of patients. The Committee 
also had a practical concern. Many individuals who would have a 
2-hour PG = 200 mg/dL during an OGTT would not necessarily 


TABLE 18-3. Criteria for Testing for Diabetes in Asymptomatic, 
Undiagnosed Individuals 


Testing for diabetes should be considercd in all individuals at age 45 years 
and above and. if normal, it should be repeated at 3-year intervals. 

Testing should be considered at a younger age or be carried out more fre- 
quently in individuals who: 

Are obese (= 120% desirable body weight or a BMI = 27 kg/m’). 

Have a first-degree relative with diabetes. 

Are members of a high-risk ethnic population (e.g., African- 
American, Hispanic American, Native American, Asian Ameri- 
can. Pacific Islander). 

Have delivered a baby weighing > 9 lb or have been diagnosed 
with GDM and are hypertensive (= 140/90). 

Have an HDL cholesterol level = 35 mg/dL (0.90 mmol/L) and/or 
a triglyceride level = 250 mg/dL (2.82 mmol/L). 

On previous testing, had IGT or IFG. 


Source: Reprinted with permission from American Diabetes Association.”* 
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undergo such testing, either because they were asymptomatic or 
because the diagnosis of diabetes had already been confirmed on 
the basis of an FPG = 140 mg/dL. Since the OGTT identifies 
more individuals with diabetes than does the FPG, routine use of 
the OGTT would be necessary for optimal case finding. Yet, in 
routine practice, the more expensive and inconvenient OGTT was 
rarely performed. Several studies had also shown that the actual 
FPG level equivalent to the 2-hour PG cutpoint of 200 mg/dL 
ranged between 120 and 126 mg/dL. In addition, and perhaps 
more importantly, the Committee reviewed three studies relating 
plasma glucose levels to the prevalence of retinopathy, one in 
Pima Indians,” a second in Egyptians,”! and a third involving par- 
ticipants in the Third National Health and Nutrition Examination 
Survey (NHANES II!).”? In each of these, the FPG threshold dis- 
tinguishing those subjects at increased risk for microvascular 
disease was observed at approximately 120-130 mg/dL (with 
the 2-hour PG threshold remaining at approximately 200 mg/dL) 
(Fig. 18-1). Thus, the Committee felt that it was mandatory that 
the fasting diagnostic criteria for diabetes be revised so that the 
discrepancy in diagnostic power between the FPG and 2-hour PG 
would be diminished and in order to facilitate and encourage the 
use of a simpler test, namely FPG. The cutpoint of 126 mg/dL was 
chosen. 

On the basis of epidemiologic estimates, the Committee ex- 
pected only slightly fewer individuals would be identified as hav- 
ing diabetes using the new FPG criteria, as compared to the WHO 
cutpoints using both FPG and 2-hour PG. In the Cardiovascular 
Health Study, however, Wahl and coworkers reported a significant 
difference in the prevalence of diabetes as identified by these two 
sets of criteria. The prevalence of untreated diabetes was found to 
be 14.8% using the WHO criteria and only 7.7% using the new 
ADA fasting criteria.** Similar conclusions were made by Gabir 
and colleagues in Pima Indians™ and Resnick and colleagues, 
using NHANES III data.” 

Overall, however, in clinical practice, because of low utiliza- 
tion of OGTTs, the change in the ADA criteria has effectively led 
to an increase in the number of patients identified as having dia- 
betes. It has been estimated, for example, that the change has re- 
sulted in the diagnosis of patients an average of 7 years earlier as 
compared to the older fasting criteria.” 


WHO Consultation on the Diagnosis and 

Classification of Diabetes Mellitus, 1999 

In keeping with the new criteria of the ADA, the WHO in 19997 
similarly reduced their cutpoint for venous FPG to 126 mg/dL 
and affirmed the new category of IFG (impaired fasting glycemia) 
for those with FPGs between 110 and 125 mg/dL (Table 18-4). If 
an OGTT had been performed, however, and if the 2-hour PG 
reached or exceeded 140 mg/dL, the IGT diagnosis would pre- 
dominate. The diagnostic glucose ranges for IGT were not 
changed from the WHO 1985 report, and remained identical to 
those accepted by the ADA. In contrast to the ADA criteria, how- 
ever, the WHO continued to recommend use of the OGTT for pur- 
poses of clinical research. For clinical practice, unless the FPG 
was already in the diabetic range, the WHO also recommended an 
OGTT if a random glucose level was in the “uncertain” range 
[i.e., between the levels that “establish” (200 mg/dL) or “exclude” 
(100 mg/dL) diabetes (Fig. 18~2.)] It was also emphasized that 
IGT and IFG were not diagnostic classes by themselves, but in- 
stead stages in the natural history of abnormal carbohydrate 
metabolism (Fig. 18-3). 
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ou) 


0 
FPG (mg/dl) 42- 87- 90- 93- 96- 98- 101- 104- 109- 120- 
2hPG (mg/dl) 34- 75- 86- 94-102-112- 120- 133- 154- 195- 


HbA1c (%) 3.3- 4.9- 5.1- 5.2- 5.4- 5.5- 5.6- 5.7- 5.9- 6.2- 
FIGURE 18-1. 
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TABLE 18-4. Diabetes Mellitus: 1999 WHO Diagnostic Criteria 


Venous Plasma Glucose 


(mg/dL (mmol/L)) 

Diabetes mellitus 

Fasting 2=126 (27.0) 

or 
2-hour postglucose load 2200 (11.1) 
or both 

Impaired glucose tolerance (IGT) 

Fasting (if measured) <126 (<7.0) 


and 
2-hour postglucose load 
Impaired fasting glycemia (IFG) 
Fasting (if measured) 
and 
2-hour postglucose load (if measured) 


140-199 (7.8-11.0) 
110-125 (6.1-6.9) 


<140 (<7.8) 


Source: Adapted with permission trom Alberti er al 


FIGURE 18-2. Random plasmaglucose values in the diagnosis of Diabetes. 
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FIGURE 18-3. Disorders of glycemia: etiological types and clinical stages. 


Comparison of Current ADA and WHO Criteria 


Since the release of the 1997 ADA diagnostic criteria, several stud- 
ies have compared their performance with those of the WHO. 
Gabir and colleagues compared the ADA and WHO criteria and 
their relation to the development of microvascular complications, 
finding no difference in their predictive value.™ Others have also 
affirmed that, although OGTT-driven diagnostic algorithm will find 
more individuals with diabetes, the current ADA fasting criteria are 
adequate to identify those persons at risk for microvascular disease 
resulting from their hyperglycemia.” 

The DECODE Study Group evaluated the impact of using FPG 
versus OGTT criteria on the identification of individuals at risk for 
macrovascular disease. Existing baseline data on glucose concen- 
trations in the fasting state and 2 hours after a 75-g glucose load 
from 10 prospective European cohort studies including more than 
15,000 men and 7000 women were analyzed. Hazard ratios for all- 
cause mortality and cardiovascular disease end-points were esti- 
mated. The investigators concluded that use of 2-hour PG enhanced 
the predictive value of FPG alone, whereas the converse was not 
true. Therefore, while both FPG and 2-hour PG appear to perform 
equivalently in the identification of microvascular risk, FPG alone 
may fail to sufficiently identify those at increased macrovascular 
risk, and the 2-hour glucose during an OGTT may provide addi- 
tional prognostic information.” Barzilay and coworkers performed 
a similar analysis on a separate data set. Not unexpectedly, there 
was a higher prevalence of cardiovascular disease among individu- 
als with IGT or newly diagnosed diabetes by both ADA and WHO 
criteria than among those with normal glucose levels. However, 
since fewer subjects were classified as abnormal by the fasting 
ADA criteria than by the WHO criteria, the number of cases of car- 
diovascular disease attributable to abnormal glucose status by ADA 
criteria was one-third of that attributable by WHO criteria. Con- 
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versely, those classified as normal by the ADA fasting criteria had 
more cardiovascular events during the follow-up period than did 
those deemed normal by the WHO criteria. The investigator con- 
cluded that the current fasting ADA criteria were less predictive 
than those of the WHO for the burden of cardiovascular disease as- 
sociated with abnormal glucose metabolism in the elderly.*' Saydah 
and colleagues have shown similar trends using NHANES II data.*” 


Comparison of Two Stages of Abnormal Glucose 
Homeostasis: IGT and IFG 


Although IFG was devised to be the fasting equivalent of IGT, 
studies performed since 1997 demonstrate that these two categories 
of early abnormal glucose homeostasis are not necessarily inter- 
changeable diagnoses. Based on NHANES III data, for example, 
14.9% of Americans between the ages of 40 and 74 have IGT, 
whereas 8.3% have IFG, and 3.9% carry both diagnoses.*? That is, 
only a minority of patients with either IFG or IGT meet criteria for 
the other diagnosis. Moreover, while almost one-quarter of the U.S. 
population in this age group has either IFG or IGT, less than | in 25 
has both conditions simultaneously.** 

Patients with IFG and those with IGT also appear to have dis- 
tinct metabolic abnormalities. Investigators studied a large group of 
Pima Indians using hyperinsulinemic euglycemic clamps, glucose 
isotope infusions, and intravenous glucose tolerance tests 
(IVGTTs) to assess insulin sensitivity, insulin secretion, and en- 
dogenous glucose production. Subjects with isolated IFG (i.e., IFG, 
but not IGT) and those with isolated IGT (i.e., IGT, but not IFG) 
demonstrated equally reduced insulin sensitivity. IFG subjects had 
worse insulin secretory responses to IVGTTs and increased en- 
dogenous glucose production, compared to IGT subjects. Individu- 
als with both IFG and IGT had the most severe abnormalities in all 
metabolic parameters. Thus, Pima Indians with isolated IFG and 
isolated IGT show similar impairments in insulin action, but those 
with isolated IFG have a relatively more pronounced defect in early 
insulin secretion and greater augmentation of endogenous glucose 
production. The most severe abnormalities are exhibited by those 
with combined IFG and IGT.“ The risk of progressing to T2DM ap- 
pears to be equivalent between those with isolated IFG and isolated 
IGT, and those who carry both diagnoses progress at the highest 
rate.” From the DECODE study, individuals with IGT seem to have 
the greater risk for developing cardiovascular disease, which may 
indicate a greater influence on vascular disease from post-prandial 
hyperglycemia. *© 


COMMON TESTS USED TO EVALUATE 
GLUCOSE HOMEOSTASIS 


Glucose Concentrations 


For fasting glucose determinations, blood should be obtained in the 
morning after an overnight fast of at least 8 hours. It has been re- 
cently demonstrated that approximately half of patients with FPG 
= 126 mg/dL in the morning will convert to a nondiabetic FPG if 
the fast is continued into the afternoon.*’ Although there is a ten- 
dency for a gradual climb in FPG with aging, criteria for normal 
FPG are not age-adjusted. 

A “random” or “casual” glucose determination is that which is 
obtained without regard to meal. Generally, and depending on the 
amount of time since the most recent consumption of calories, ran- 
dom levels are higher than fasting levels. In the acutely ill or infirm, 
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or those immobilized or at bed rest, random (and even fasting) 
plasma glucose may be in an abnormal range, only to normalize 
when the patient has been retumed to proper health. While the im- 
plications of such a abnormalities are not entirely clear, it is impor- 
tant to reserve a permanent decision about a patient’s glucose toler- 
ance until he or she is back to a baseline health and activity level. 


Type and Source of Fluid 

Venous plasma or serum is considered the standard body fluid 
for the determination of glucose concentration, being representa- 
tive of the extracellular glucose content. Serum and plasma glucose 
values are essentially identical. The latter is measured by most lab- 
oratories and has been historically used in most clinical research 
studies. Whole blood determinations are typically 15% lower than 
plasma or serum”? and may also be influenced by the hematocrit. 
Ideally, phlebotomized blood should be collected in test tubes con- 
taining sodium fluoride, which will inhibit red blood cell glycoly- 
sis. Alternatively, the blood can be chilled immediately, with the 
plasma or serum expeditiously separated from cellular contents. 
Arterial blood has a glucose content approximately 7% higher than 
that of venous blood.’ In the fasting state, this difference is less 
than in the postprandial setting. Capillary blood glucose is similar 
to that of arterial blood. 

The easy availability of capillary blood is taken advantage of 
by home glucose meters, which are hand-held monitoring devices 
that provide the patient the ability to test his-or her own blood glu- 
cose at any time day. Home glucose monitoring has become an 
integral part of the management of patients with diabetes.*” A large 
variety of meters are currently on the market, with many different 
features, including interfaces with computer software, allowing for 
intricate forms of data analysis. Many of the newer meters auto- 
matically adjust their results to be displayed as standardized to 
plasma glucose. While extremely useful for the monitoring of es- 
tablished patients, personal glucose monitors are neither accurate 
nor precise enough for diagnostic purposes. 

Urine glucose is a poorly sensitive marker of diabetes, since 
the renal glucose threshold in most individuals is not reached until 
the extracellular glucose concentration exceeds 180 mg/dL. In ad- 
dition, the urine glucose result is in part dependent on the dilutional 
effects of recent fluid intake. Prior to the availability of home cap- 
illary blood glucose meters, urine testing was an acceptable means 
for the rough assessment of glycemic control. Except for unusual 
circumstances where capillary glucose monitoring is impractical, 
urine glucose testing is no longer considered appropriate for either 
diagnostic or monitoring purposes. 


Oral Glucose Tolerance Test 


The homeostatic mechanisms serving to maintain normal glucose 
concentrations can be assessed using the physiologic “stress” of 
providing the patient a rapidly absorbed carbohydrate load: the oral 
glucose tolerance test (OGTT). As noted previously, more individ- 
uals will be diagnosed with various degrees of abnormal glucose 
homeostasis on the basis of their performance on OGTT than by 
the simpler measurement of fasting glucose alone. It is currently 
recommended by the WHO for use when blood glucose levels are 
otherwise equivocal, in epidemiologic settings to assess for dia- 
betes and impaired glucose tolerance, and during pregnancy to 
screen for and diagnose gestational diabetes.” Given its relatively 
cumbersome and time-consuming nature, the ADA recommends 
that, outside of pregnancy, FPG be used as the routine screening 


274 DIABETES MELLITUS 


and diagnostic test.* However, there is a recent move to expand uti- 
lization of the OGTT to detect earlier forms of abnormal carbohy- 
drate metabolism because of recent attention to postchallenge 
blood glucose being a better prognosticator of cardiovascular mor- 
bidity than FPG.” In clinical practice, the OGTT is also used in the 
rare patient who presents with microvascular complications sug- 
gesting diabetes (i.e., retinopathy, nephropathy, or neuropathy) but 
in whom initial glucodiagnostic studies show no abnormalities. 

In the standard test, 75 g of anhydrous glucose is dissolved in 
250-300 mL of water and administered over 5 minutes.*® (In chil- 
dren the glucose load should calculate to 1.75 g/kg body weight, up 
to a maximum of 75 g.) A baseline glucose level is obtained prior 
to glucose ingestion, and subsequently every 30 minutes for 2 hours. 
(The WHO standard is for blood to be obtained fasting and then 
again only at 2 hours.) Variations of the standard OGTT include the 
1-hour test using 50 g glucose for GDM screening and the 3-hour 
100-g glucose test for formal testing for GDM.” The 5-hour 
OGTT has recently fallen out of favor, having been used in the past 
for the evaluation of reactive hypoglycemia. The concurrent meas- 
urement of plasma insulin concentrations (as a surrogate marker of 
insulin sensitivity) is used occasionally for the inferential diagnosis 
of insulin resistance.*' 


Technical Aspects 

As in all assessments of glucose metabolism, great care should 
be taken to ensure that there is no intervening acute illness that 
might affect the results of the OGTT. The test should be performed 
in patients who are not bedridden or physically immobilized. In 
that situation, the test should be postponed until the patient is back 
to his or her baseline level of activity and health. A variety of host 
variables that may alter the results of the OGTT have also been 
identified. Carbohydrate restriction in the days preceding the test 
may impair insulin secretion to an extent that may render a test 
abnormal. It is recommended that the daily diet during the 3 days 
prior to the test contain at least 150 g of carbohydrates. The test 
should be performed in the moming after an overnight fast of 
8-14 hours’ duration. Although the patient is allowed to ambulate 
to the location of the test, he or she should remain seated during the 
procedure itself. No calories or fluid should be consumed during 
the test and the patient should refrain from smoking. As with fast- 
ing glucose, aging is associated with diminished glucose tolerance, 
although the diagnostic criteria are the same for all ages. 


Glycosylated Hemoglobin, Hemoglobin 
Ai, (HbA,,) 


Due to wide fluctuations in circulating glucose concentrations in 
patients with diabetes, random glucose measurements are often not 
teflective of overall glycemic control. Even fasting determinations, 
which tend to be more stable, do not provide a complete picture. 
Like many proteins, erythrocyte hemoglobin is nonezymatically 
glycosylated at amine residues in the presence of glucose, which 
passes freely across red blood cell membranes. The percentage of 
hemoglobin molecules undergoing this reaction is proportional to 
the average ambient glucose concentrations during the preceding 
60-90 days. “Glycohemoglobin” and “hemoglobin A, (HbA,,)” 
are, therefore, commonly used laboratory tests for assessing long- 
term diabetic control. HbA,,, with a normal range of approximately 
4-6% in most laboratories, refers to the percentage of hemoglobin 
molecules with glucose moieties attached to N-terminal valines of 
each of the two B-chains.*” Glycohemoglobin (normal range, ap- 


proximately 6-8 %) includes HbA,.., but also other forms of hemo- 
globin where glycosylation has occurred at other amino acids.“ 
HbA < is more popular and is primarily used in the ongoing follow- 
up of diabetic patients. A highly specific test for diabetes, HbA,, is 
not sensitive enough to be used for screening purposes.” That is, 
patients with mild hyperglycemia, clearly within the diabetic range 
by FPG or 2-hour PG, may have HbA,, in the high-normal range. 
This is particularly the case since the lower diagnostic criteria of the 
ADA have been used. For instance, in one analysis of two large data 
sets including NHANES III, 87% of individuals with IFG and 61% 
of those with FPGs in the diabetic range had normal HbA,,. In con- 
trast, when the older criteria, FPG = 140 mg/dL, were used, only 
19% of diabetic patients had normal HbA,,.°? Hemoglobinopathies 
and states of rapid red cell turnover may make glycohemoglobin 
and HbA,, values difficult to interpret. 


Emerging Technologies 


Interstitial sensors are currently available for use in diabetic pa- 
tients for continuous monitoring of extracellular glucose concen- 
trations. Interstitial glucose approximates plasma glucose, particu- 
larly when determining glycemic trends. A current commercially 
available model is used for a 72-hour period, with the interstitial 
probe inserted subcutaneously and attached to a computerized unit 
that can be worn on the belt.** The readings are downloaded at the 
end of the recording period for computerized analysis at the practi- 
tioner’s office. Several companies are actively pursuing refined ver- 
sions of sensors that can provide a live display to the patient. Fully 
implantable sensors are also under investigation, as are units that 
can communicate directly with insulin delivery pumps to comprise 
an “artificial pancreas.” Recently, a wristwatch-like sensor device 
was approved by the U.S. Food and Drug Administration (FDA).*> 
This unit uses a process known as reverse iontophoresis (applying 
a gentle electrical current to the skin to express minute amounts of 
interstitial fluid, which can be analyzed for glucose content) and 
can measure glucose levels every 20 minutes. The results are pro- 
vided to the patient on the device’s display. Twice—daily calibration 
with the readings from routine capillary blood glucose monitor- 
ing is still required. Others have proposed the direct measure of 
the glucose content in tears or its indirect measurement, either tran- 
scutaneously or through the anterior chamber of the eye using laser 
technology. At the time of this writing, these and other emerging 
technologies appear promising for glucose monitoring in diabetic 
patients, although they will most likely lack the necessary precision 
for diagnostic purposes. However, if sufficiently sensitive, they may 
have a role for population screening. 
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CHAPTER 19 


Epidemiology of Diabetes Mellitus 


Peter H. Bennett 
Marian J. Rewers 
William C. Knowler 


TYPE 1 DIABETES MELLITUS (T1DM) 


According to the current classification of diabetes mellitus,'? type 
1 diabetes (T1DM; previously called insulin-dependent or juvenile 
diabetes) is caused by B-cell destruction, often immune-mediated, 
that leads to loss of insulin secretion and absolute insulin defi- 
ciency. Type la (autoimmune form) diabetes (TlaDM) is preceded 
by a subclinical period of T-cell-mediated autoimmune destruction 
of 8 cells, marked by the presence of autoantibodies of variable du- 
ration.” This is the most common form of diabetes among children 
and adolescents of European origin. In children, the disease is usu- 
ally characterized by a rapid onset with acute symptoms and de- 
pendence on exogenous insulin for survival. TlaDM is nearly as 
frequent in adults, but often, less dramatic onset may lead to mis- 
classification as Type 2 (T2DM) and a delayed insulin treatment. In 
most patients, the etiology of the autoimmune process and B-cell 
destruction is not known. TIDM also includes cases that are 
thought not to be immune-mediated, but are characterized by ab- 
solute insulin deficiency (T1bDM) (see Chap. 18).4 

TIDM accounts for 5-10% of all diagnosed diabetes. About 
40% of persons with TIDM are younger than 20 years of age at 
onset, thus making diabetes one of the most common severe chronic 
diseases of childhood, affecting 0.3% of the general population by 
the age of 20 years and 0.5-1% during the life span. The incidence 
of the disease appears to be increasing by 3-5% per year. It is es- 
timated that approximately 1.4 million in the United States, and per- 
haps 10-20 million people globally suffer from the disease.” The 
high incidence, associated severe morbidity, mortality (see chapters 
on complications and mortality), and enormous health care expendi- 
tures'™!? make TIDM a prime target for prevention. 


NATURAL HISTORY OF TYPE 1a DIABETES 


The natural history of TlaDM (Fig. 19-1) includes four distinct 
stages that can be observed in a vast majority of the patients: (1) pre- 
clinical B-cell autoimmunity with progressive defect of insulin 
secretion, (2) onset of clinical diabetes, (3) transient remission, and 
(4) established diabetes associated with acute and chronic complica- 
tions and premature death. At each stage, a spectrum of clinical man- 
ifestations and laboratory measurements helps to define the etiology, 
severity, prognosis, and prevention goals (Table 19-1). 


PRECLINICAL B-CELL AUTOIMMUNITY 


TlaDM results from a chronic autoimmune destruction of the pan- 
creatic islet B cells, probably initiated by exposure of a genetically 
susceptible host to an environmental agent. While the candidate ge- 
netic and environmental factors appear to be quite prevalent, B-cell 
autoimmunity develops in less than 5% and progresses to diabetes 
in less than 1% of the general population. 

The autoimmune process is mediated by macrophages and T 
lymphocytes with circulating autoantibodies to various B-cell anti- 
gens (see Chap. 20). Epidemiologic studies have defined auto- 
immunity as the presence of autoantibodies,” because in contrast to 
the cellular markers, their measurement is reliable and standard- 
ized across laboratories. Earlier studies have described the epi- 
demiology of B-cell autoimmunity by measuring islet cell anti- 
bodies (ICAs) in the classical immunoflourescence test using 
pancreatic tissue.'? This test has been notoriously difficult to stan- 
dardize and has been replaced by a combination of assays for anti- 
bodies against specific B-cell antigens, such as insulin (IAA)'*'® 
glutamic acid decarboxylase (GAD),'”!* or ICA512 (IA-2).!° 
These tests are quite sensitive and predictive in relatives of TI DM 
patients??? and in the general population.” 


Prevalence and Incidence 


The prevalence data on B-cell autoimmunity in school children 
from various countries’? are summarized in Fig. 19-2 and com- 
pared with the incidence of T1DM in these countries. The preva- 
lence of ICAs varied from 0.2% in Dutch to 4.4% in Sardinians; 
however, the rates are not strictly comparable, because of different 
ICA assays and cut-off values for positivity as well as different age 
groups screened. The prevalence of B-cell autoimmunity appears to 
be roughly proportional to the incidence of T1DM in the popula- 
tions.” In contrast, the prevalence of B-cell autoimmunity in first- 
degree relatives of TIDM persons does not differ as dramatically 
between high and low T1DM risk countries (Fig. 19-3). 

No reliable estimates of the incidence of B-cell autoimmunity 
in the general population have been published, but appropriate 
cohort studies are underway in the United States”* and Finland.”° 
In siblings of Finnish T1DM children, the incidence of combined 
B-cell autoimmunity or T1DM was up to 1.4% per year.” In New 
Zealand, the incidence was 3.7% per year in relatives younger 
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than 5, compared to 0.5% per year in those 5-9 years old. None 
of the 356 relatives older than 10 years converted over a period of 
5 years.” This suggests that relatively few children develop B-cell 
autoimmunity after the age of 5 and some may recover from 


. . 2 
autoimmunity.” ” 0 


Little data concerning B-cell autoimmunity are available for 
non-Caucasian populations. Compared with Caucasians, first- 
degree relatives of African-American T1DM probands had some- 
what higher prevalence of ICAs,”' but at TIDM onset, the propor- 
tions were reversed.*? Among 86,000 relatives of TIDM patients 
screened for the DPT-1 trial, lower prevalence of ICAs was ob- 
served in Asian Americans (2.6%) and in Hispanics (2.7%), com- 
pared to African-Americans (3.3%) or non-Hispanic whites (3.9%) 
(Skyler, unpublished data, 2001). Lower prevalence of GAD anti- 
bodies in Asian compared to Caucasian type 1 diabetes patients has 
also been reported.” 

No significant gender difference in the prevalence of B-cell 
autoimmunity, either in first-degree relatives or in the general pop- 
ulation, has been published. However, the crude DPT-1! screening 
data (not adjusted for age, relation to proband of ethnicity) have 


TABLE 19-1. Natural History of Type 1 Diabetes 


suggested higher prevalence of ICAs in males (4.3%) than in 
females (3.3%). No reliable information is available concerning 
potential seasonal or annual variation in the incidence of B-cell 
autoimmunity. Preliminary reports from Finland (Simell, unpub- 
lished data, 2001) suggested that the seasonality of autoantibody 
appearance may mimic that of the clinical onset, indirectly imply- 
ing that similar infections may trigger autoimmunity and progres- 
sion to diabetes. 


Genetic Factors 


Family History 

The prevalence of B-cell autoimmunity in first-degree relatives 
of type 1 diabetic persons is increased 3-5 times, compared to that 
in school children with no family history of TIDM. This is less 
than expected, knowing that the risk of TLDM among the relatives 
is 20 times higher than that in the general population. 


Candidate Genes 

In contrast to the wealth of data concerning genetic markers as- 
sociated with clinical diabetes, little is known about the genetic de- 
terminants of B-cell autoimmunity. No particular HLA type seems 
to be associated with B-cell autoimmunity, although inconsistent 
associations between insulin or GAD autoantibodies and HLA- 
DR,DQ phenotypes have been reported. The HLA-DR2, DQB1* 
0602 haplotype, which almost completely protects from T1DM,™ 
is found in about 15% of GAD- and IAA-positive young relatives 
of TIDM patients.” However, over 90% of those strongly 
and/or persistently ICA-positive are HLA-DR3 or 4, similar to 
TIDM patients.™ Children with B-cell autoimmunity identified 
from the general population also show a variety of HLA genotypes, 
but 90% of those persistently ICA-positive are DRB1*04, 
DQB1*0302.*"*" This may suggest that HLA genes are not in- 
volved in the initiation of B-cell autoimmunity, but rather deter- 
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Weight loss partial in 20-70% DKA. hypoglycemia, infections 

— DKA in 20-40% Total in 10-30% Chronic complications: retinopathy, 
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FIGURE 19-2. Geographic differences in the prevalence of islet cell anti- 


bodies (ICA) in school children, compared with the incidence of type ! di- 
abetes (ages 0-14 years) in the area. 


mine progression to diabetes. More subjects with B-cell autoimmu- 
nity need to be genotyped to precisely determine the role of HLA 
and additional T1DM candidate genes?! in the initiation of auto- 


immunity and progression to diabetes. 


Environmental Factors 


Viruses 

Viral infections appear to initiate autoimmunity rather than 
precipitate diabetes in subjects with autoimmunity. Two infections 
with similar viruses may be needed. Mice persistently expressing a 
viral protein in the B cells do not develop B-cell autoimmunity un- 
less exposed to the same virus later in life.**"? ICAs or [AAs have 
been detected after mumps,” rubella, measles, chickenpox,>! Cox- 
sackie,*” ECHO4,™ and rotavirus” infections. Newborns and in- 
fants are particularly likely to develop a persistent infection and 
among patients with congenital rubella syndrome, 70% have 
ICAs." 

The evidence is strongest for picornaviruses, which include 
human (enteroviruses and rhinoviruses) and animal pathogens 
(e.g., mouse EMC virus and Theiler’s virus). Picornaviruses induce 
T1DM in numerous animal models, and their tropism to human 
B cells has been demonstrated.*® A molecular mimicry between the 
P2-C protein of Coxsackie virus and the GAD protein?” may be re- 
sponsible for B-cell autoimmunity. Cross-sectional studies of anti- 
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FIGURE 19-3. Prevalence of islet cell antibodies (ICA) in first-degree rel: 
tives and in school children in various geographic locations. 


Coxsackie antibodies in B-cell autoimmunity have been weak an: 
inconclusive™ and have been recently replaced by studies based o: 
detection of picornaviral RNA in bodily fluids using PCR. Prospec 
tive studies of nondiabetic relatives and general population chil 
dren found a strong relation between enteroviral infections, define: 
by PCR, and development of islet autoantibodies in Finland*’* 
but not in the United States (Graves, unpublished data, 2000). 


Dietary Factors 

Exposures to cow’s milk bovine serum albumin (BSA) o 
B-casein prior to gut cellular tight junction closure or durin; 
gastroenteritis when the intestinal barrier is compromised are alter 
native causes of B-cell autoimmunity. Cow’s milk or wheat intro 
duced at weaning triggers insulitis and diabetes in animal mod 
els, perhaps through a molecular mimicry. Human data arı 
conflicting, but predominantly negative."°*-”° 

The association between cow’s milk and autoimmunity couk 
be due to the effect of B-casein immunostimulating hexapeptid 
present in enzymatic hydrolysate of milk from Bos taurus cows 
but not from Bos indicus cows.’' Chemical compounds (strepto 
zocin’” or dietary nitrates and nitrozamines”’) induce B-cell auto 
immunity in animal models. Multiple hits of dietary B-cell toxin 
may render genetically resistant individuals susceptible to diabeto 
genic viruses, leading to TIDM.”* 


Gene—-Environment Interactions 
in B-Cell Autoimmunity 


Host-Virus Interactions 

Both the susceptibility genes and the environmental risk fac 
tors for human B-cell autoimmunity are poorly defined. In mice 
the host’s genes restrict the diabetogenic effect of picornaviruses it 
a manner compatible with a recessive trait not related to the MHC 
(for review see reference 56). In humans, the HLA-DR3 allele i: 
associated with viral persistence. It remains to be establishec 
which additional genetic variants interact with infectious agents t 
promote B-cell autoimmunity in humans. 


Host-Diet Interactions 

The postulated autoimmune response to cow’s milk proteins i: 
likely determined by the host’s age and genetic background. The 
epidemiologic data are extremely limited and suggest that an earl: 
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exposure to cow’s milk in relatives with HLA-DR3/4,DQB1* 
0302,DR3/3 or DRx/4,DQB | *0302 is not associated with the pres- 
ence of GAAs and/or IAAs at ages | to 6 years and may even be 
protective.” It is unclear whether the effect of HLA-DR3 differs 
from that of HLA-DR4,DQB1*0302, and whether other T1DM- 
associated genes are involved. 


Primary Prevention of B-Cell Autoimmunity 


Prevention of Diabetogenic Viral Infection 

In mice, it is possible to prevent encephalomyocarditis virus- 
induced diabetes by immunization with a nondiabetogenic variant 
of the virus.” The interactions between HLA, antigen, and T-cell 
receptor, as well as the genetic determinants of viral diabeto- 
genecity, are being disentangled. It may become possible to design 
recombinant vaccines that would provide optimal antigenic stimu- 
lus in the context of the host’s HLA, providing long-term protec- 
tion against diabetogenic strains and avoiding adverse effects. Ap- 
proaches alternative to vaccination include antiviral agents.” 


Dietary Factors 

If early exposure to cow’s milk triggers B-cell autoimmunity in 
humans, a logical primary prevention would include avoidance of 
cow’s milk, especially in those with T1DM-associated HLA alle- 
les. Such an intervention has been piloted in newborn relatives of 
T1DM patients,’® and a large multiceneter trial is under way. Cur- 
rent data are insufficient to support cow’s milk avoidance for pre- 
vention of B-cell autoimmunity and type 1 diabetes. 


Progression from B-Cell Autoimmunity 
to Clinical Diabetes 


The duration of preclinical B-cell autoimmunity is vanable and 
precedes the diagnosis of diabetes by up to 9-13 years.” 4? In most 
persons with persistent autoantibodies, there is an early loss of 
spontaneous pulsatile insulin secretion and progressive reduction 
in the acute insulin response to intravenous glucose load, followed 
by decreased response to other B-cell secretagogues, impaired oral 
glucose tolerance, and fasting hyperglycemia.®' However, a non- 
progressive B-cell defect can exist for many years in some 
monozygotic twins and other relatives of TIDM persons. 

Studies in first-degree relatives of TLDM patients***?** and in 
school children with no family history of T1DM??"039*45 have re- 
ported ICA “remission” rates between 10 and 78%. It is unclear 
whether such remissions really occur or are an artifact of low 
specificity of autoantibody assays. If autoimmunity remits at the 
reported rates, only | in 2-8 of autoimmune children will develop 
diabetes by the age of 20 years. In those who lose their autoanti- 
bodies or remain autoimmune but do not progress to diabetes, it is 
presumed that the penetrance or number of susceptibility genes or 
the causative environmental exposures are insufficient. It is possi- 
ble that B-cell autoimmunity remits spontaneously in genetically 
resistant persons or when the offending factor is removed, similar 
to celiac disease. Age also plays a role, because children younger 
than 10 years have a threefold increased risk of progressing from 
autoimmunity to TDM, compared to older relatives.*' 

B-cell autoimmunity may remit and reappear in the course of 
viral infections or variable exposure to causal dietary factors. The 
cumulative B-cell damage and increases in insulin resistance with 
obesity and physical inactivity may eventually cause diabetes at a 
later age. Those persons in whom the disease process is slow may 


present with T1DM as adults, develop diabetes that does not imme- 
diately require insulin treatment, or may even fail to develop dia- 
betes altogether. Markers of autoimmunity can be detected in 
14-33% of diabetes patients classified on clinical grounds as “type 
275687 and are associated with early failure of oral hypoglycemic 
drug therapy and insulin dependence in these patients. The term 
latent autoimmune diabetes of adults (LADA)** has been coined 
for this slowly progressing form of T!DM. 


Primary Prevention of T1DM in Persons 
with B-Cell Autoimmunity 


ICA-positive relatives of T1DM patients have become the primary 
target of clinical trials to prevent T1DM.®™”! Some of the proposed 
interventions are associated with significant adverse effects.” 
The effectiveness of oral nicotinamide” is being tested in the 
ENDIT study”? (results expected in 2002), but smaller studies”’ 
have not been promising. Promising results of a pilot trial with par- 
enteral insulin™ gave impetus to a large randomized unmasked trial 
of low-dose SC/IV insulin in relatives with confirmed ICA positiv- 
ity and low acute insulin response to IV glucose (Diabetes Preven- 
tion Trial-1°”). The results of this trial were announced in 2000, but 
unfortunately showed no efficacy of insulin injections in prevent- 
ing or delaying diabetes onset. The oral insulin arm of the DPT-1 is 
in progress, but results of smaller studies in newly diagnosed pa- 
tients have not been encouraging.'™!”' Trials involving induction 
of tolerance to insulin or GAD using altered peptide ligands are 
being tested in phase II clinical studies. 


CLINICAL ONSET OF T1DM 


In industrialized countries, 20-40% of TIDM patients younger 
than 20 years present in diabetic ketoacidosis (DKA), !02-105 
Younger age, female gender, HLA-DR4 allele,'™ lower socioeco- 
nomical status, and lack of family history of diabetes have been as- 
sociated with more severe presentation. Severe presentation in 
younger children may result from greater B-cell destruction at di- 
agnosis, an average of 80% of the islets are damaged at diagnosis 
in children younger than 7 years, 60% in those 7-14 years old, and 
40% in those older than 14.'°’ Case fatality in industrialized coun- 
tries ranges between 0.4 and 0.9%,'™ but little is known concern- 
ing its predictors. 

Both DKA and onset death are largely preventable, because 
most of the patients have typical symptoms of polyuria, polydipsia, 
and weight loss 2—4 weeks prior to diagnosis. The diagnosis is 
straightforward in almost all cases and can be based on the symp- 
toms, random blood glucose over 200 mg/dL, and/or HbA,, higher 
than 7%. 

Traditionally, nearly all children with newly diagnosed TIDM 
were hospitalized. More recently, an increasing proportion of new- 
onset children have been managed on an outpatient basis, espe- 
cially in urban centers with specialized diabetes education and 
treatment facilities. In Colorado, the proportion of children receiv- 
ing only outpatient care at diabetes diagnosis increased from 6% in 
1978 to 35% in 1988.'° Hospitalization at onset does not improve 
short-term outcomes, such as readmission for DKA or severe hy- 
poglycemia.'°*:'"> Onset hospitalizations and acute complications 
have similar biologic (younger age, lower endogenous insulin 
secretion) and psychosocial (lower socioeconomic status, limited 
access to health care, dysfunctional family) determinants. 
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Prevalence and Incidence of T1DM 


T1DM is one of the most common chronic childhood illnesses, 
affecting word-wide an estimated 50,000 new cases annually” and, 
in Caucasian populations, 1-3 per 1000 children by the age of 
20 years.° Prevalence of T1DM, that is, the number of people in the 
population who have the disease at a given point in time, is deter- 
mined not only by disease incidence but also by case survival, 
which may vary markedly in populations. The prevalence of T1DM 
in the age group 0-15 years ranges from 0.05% to 0.3% in most 
European and North American populations.” Prevalence data are 
useful in determining the public health impact of TI1DM. For ex- 
ample, it is estimated that there are approximately 123,000 persons 
aged 0-19 years in the United States who currently have TIDM. ° 

Incidence is the rate at which new cases of disease appear in 
the population and is usually expressed as the annual number of 
new cases per 100,000 persons. Incidence of T1DM varies by geo- 
graphic location, ethnicity, age, gender, and time period. 


Geographic Location 

One of the most striking characteristics of T1DM is the large 
geographic variability in the incidence (Fig. 19-2).''°!'? Scandi- 
navia and the Mediterranean island of Sardinia have the highest in- 
cidence rates in the world. Asian populations have the lowest 
TIDM incidence rates. A child in Finland is 400 times more likely 
to develop diabetes than a child in China. The geographic and eth- 
nic variation in T1DM risk may reflect either different pools of sus- 
ceptibility genes or different prevalence of causative environmental 
factors or a combination of both. 

The clinical picture of the disease is similar in low- and high- 
risk areas,''*-''* making it unlikely that the interpopulation differ- 
ences are due to misclassification of different types of diabetes. 
Since in many populations, T2DM is either increasing''* or already 
the predominant form of diabetes in children,’’® it has been sug- 
gested that islet autoantibodies should be measured at onset for 
correct diagnosis and treatment.!! 


Race and Ethnicity 

Racial differences in T1DM risk within the same population 
are striking, although they are not of the same magnitude as the ge- 
ographic differences (Fig. 19-4). American non-Hispanic whites 
are about one and a half times as likely to develop TIDM as 
African-Americans or Hispanics.'!° This is similar to the differ- 
ences reported from Montreal, where children of British descent 
had about one and a half times the risk of TIDM as children of 
French descent.''* 


Age 

TIDM incidence peaks at the ages of 2, 4-6, and 10—14 years, 
perhaps due to alterations in the pattern of infections or increases in 
insulin resistance. The age distribution of TIDM onset is similar 
across geographic areas and ethnic groups, as demonstrated by data 
from Allegheny County, Pennsylvania, and Poland (Fig. 19-5). The 
incidence decreases in the third decade of life,''? only to increase 
again in the fifth to seventh decades of life.'”°'*!' It is not known 
whether there are etiologic differences between child- and adult- 
onset TIDM, but they were not apparent among 3672 adult dia- 
betic participants in the UKPDS. Over 30% of those aged 25-34 
were positive for ICA and/or GAD autoantibodies, but the preva- 
lence decreased with age, to less than 10% in those aged 55-65.'*" 
The presence of the autoantibodies and age of presentation of dia- 
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FIGURE 19-4. Incidence of type | diabetes in children of different ethnic 
groups living in the same geographic area. 


betes were strongly associated with the presence of the HLA- 
DRB1*03/DRB1*04-DQB 1*0302 genotype.'*" 


Gender 

In general, males and females have similar risk of TIDM,'”4 
with the pubertal peak of incidence in females preceding that in 
males by 1-2 years. In lower-risk populations, such as Japanese or 
U.S. blacks, there is a female preponderance, whereas in high-risk 
groups, there is a slight male excess.*!'™!?5 TIDM diagnosed in 
adulthood is associated with male excess.'"*'*° These findings 
contrast with the striking female preponderance in the NOD mouse 
model of diabetes. '*" 


FIGURE 19-5. Age distribution of type | diabetes incidence under age 
15 years Allegheny County, Pennsylvania and in Wielkopolska, Poland, 
during 1979-1985. (Adapted from reference”) 
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Time 

There is evidence for marked variations in the incidence of 
TIDM over time, both seasonally and annually. In the Northern 
Hemisphere, the incidence declines during the warm summer 
months: similarly, in the Southern Hemisphere, the seasonal pat- 
tern exhibits a decline during the warm months of December and 
January, implicating a climatic factor (Fig. 19-6).'*? This seasonal 
pattern appears to occur only in older children,'**'** suggesting 
that factors triggering diabetes may be related to school attendance. 
The observed seasonality is not an artifact of health care seeking or 
access, since the seasonality of symptom onset is similar to that of 
diagnosis and the patterns differ by HLA-DR type.'**!6 

Most population-based registries have shown increasing T1DM 
incidence over time,°'*”-'4? while a few have shown no trend.” 
Some of the inconsistencies may be attributed to insufficient obser- 
vation time. For example, initial data from Sweden and Allegheny 
County, Pennsylvania, showed no temporal trend, however, ex- 
tended data collection showed increase incidence in these loca- 
tions.'**'4! Most studies have observed periodic outbreaks super- 
imposed on a steady secular increase in incidence. Figure 19-7 
displays an example of parallel temporal incidence changes in pop- 
ulations that differ vastly in geographic location and the background 
risk of TIDM'"* (Allegheny County, Pennsylvania, and Wielkopol- 
ska, Poland). Standardized comparisons confirmed that a pandemic 
of TIDM occurred during 1984-1986.° While the increase in 
TIDM incidence has affected all age groups, several studies re- 
ported a particular increase among the youngest children.'*?-!"° 

Genetic models are unable to explain the apparent temporal 
changes in the incidence.'*’ The polio model, where autoimmune 
diabetes results from delayed exposure to infection that is benign 
when encountered in early childhood, could explain the recent 
increase in incidence, but not the shift in diagnosis to earlier ages. 
An alternative explanation invokes the congenital rubella model. 


FIGURE 19-6. Scasonal distribution of onset of type | diabetes in the United 
Kingdom and in Chile. (From reference’) 
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FIGURE 19-7. Annual incidence of type 1 diabetes in Allegheny County, 
Pennsylvania (4) and Wielkopolska, Poland, (O) by age group, during 
1970-1985. (From reference") 


Briefly, increased hygiene in the Western World has led to a decline 
in herd immunity to common infections among women of child- 
bearing age. These women are more likely to develop viremia dur- 
ing pregnancy, resulting in congenital persistent infection of B cells 
and early-onset TIDM in the offspring. This model could explain 
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both the increasing incidence of diabetes and the decreasing age of 
disease onset.'** 


Genetic Factors 


Family History of T1DM 

In moderate T1DM risk areas, such as the United States, the 
risk of TIDM by the age of 15 years is approximately 1/400. The 
risk is increased to about 1/40 in offspring of type 1 diabetic fathers 
and to 1/66 in offspring of type 1 diabetic mothers (Dorman and 
McCarthy, 1993). The risk to siblings of TIDM probands ranges 
from 1/12-1/35'"?' and is further increased, to 1/4, in HLA- 
identical siblings. It is estimated that by the age of 60 years, ap- 
proximately 10% of the relatives develop TIDM.'*! Family history 
of TIDM is a surrogate measure of the combination of T1DM 
genes and environmental exposures shared by family members. 

“Familial” cases represent about 10% of TIDM and do not ap- 
pear to be etiologically different from “sporadic” cases in HLA 
gene frequencies, seasonality of onset, prevalence of various ICAs, 
or IgM against Coxsackie B.'** Familial cases tend to have lower 
glycated hemoglobin and higher C-peptide levels than sporadic 
cases, because relatives recognize diabetes symptoms earlier; how- 
ever, these differences disappear soon after diagnosis. 


Candidate Genes 

The primary loci of genetic susceptibility to T1DM have been 
mapped to the HLA-DR and DQ regions**'**!*4, and new can- 
didate genes outside the HLA region are being identified*'"*’ (see 
Chap. 20). While 50% of non-Hispanic whites in the United States 
have the HLA-DR3 or DR4 allele, at least one of these alleles 
is present in 95% of patients with TIDM. The estimated risk to 
HLA-DR3/4 children in the general population ranges from 1/35 
to 1/90.” The risk is further increased in those with HLA-DR3/4, 
DQB1*0302 genotype (about 2.2% of the general population ver- 
sus 30-40% of TIDM patients). For comparison, about 5% of per- 
sons in the general population versus 12% of T1DM patients have 
a first-degree T1DM relative. 


Environmental Factors 


Twin'® and family studies indicate that genetic factors alone can- 
not explain the etiology of TIDM. Seasonality, increasing inci- 
dence, and epidemics of TIDM, as well as numerous ecologic, 
cross-sectional, and retrospective studies, suggest that certain 
viruses and components of early childhood diet may cause T1DM. 


Viruses 

Herpesviruses,'**'*” mumps,>'** rubella,**!>? and retroviruses 
160.161 have been implicated. An increased incidence of TIDM in 
patients with congenital rubella syndrome (CRS) is particularly in- 
teresting. While CRS is responsible for a minute proportion of 
TIDM and there is little evidence that postnatal rubella exposure to 
the wild strain?! or to the MMR vaccine'® causes TIDM, CRS 
provides an example of viral persistence leading to T1 DM. The in- 
cubation period of TIDM in CRS patients is 5-20 years!*? and per- 
sistent rubella virus infection of the pancreas has been demon- 
strated in some cases. While CRS is not associated with particular 
HLA-DR alleles, the distribution of the HLA-DR3 and 4 alleles 
among patients with CRS and diabetes resembles that in non-CRS 
TIDM patients.” Finally, a molecular mimicry has been reported 
between a rubella virus protein and a 52-kD B-cell autoantigen.'® 


55,159 
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Enteroviruses have been most strongly linked to hum: 
T1DM, but convincing proof of causality remains elusive (for rı 
view see references 56 and 164). Case and autopsy reports," 
epidemics of T1DM associated with concurrent epidemics of et 
teroviruses,'”! and multiple cross-sectional seroepidemiolog 
studies” have been suggestive, but not entirely convincing. At lea 
90% of TIDM patients demonstrate a prolonged period of B-ce 
autoimmunity that is hardly compatible with an acute cytolytic er 
teroviral infection being a major cause. Enteroviral infection coul 
however, initiate B-cell autoimmunity through molecular mimicr 
between CBV P2-C protein and GAD**!® or a persistent B-cell ir 
fection with impairment of insulin secretion and expression of seli 
antigens. Alternatively, a combination of acinar cell infection an 
limited capacity of B cells to neutralize free radicals released i 
this process could initiate B-cell autoimmunity. Regulating factor 
could include age of the host, the metabolic activity of the B cel 
(with the increased demands of puberty or obesity exacerbating th 
autoimmune process), the HLA-specific restriction of immune re 
sponsiveness, and concomitant infection that might cause some de 
gree of immunosuppression or self-tolerance. 

Studies from Finland” and Sweden! ”®™"' have suggested i 
utero enteroviral infections can lead to T1DM in a significant pro 
portion of the cases. Additional perinatal factors'”''’’ and seasot 
of birth'”* have been associated with T1DM. In animal models 
viral infection may protect the host from developing T1DM.'”? '# 
RUNGE tor such a protective effect in humans is speculative, a 
best. 82"! 4 


Routine Childhood Immunization 

None of the routine childhood immunization have been showr 
to increase the risk of diabetes'?’**!** or prediabetic autoimmu- 
nity 189,190 


Dietary Factors 

An ecologic study suggested an association between decrease 
in breast-feeding and increase in T1DM incidence between 1940 
and 1980.'°! Subsequent case-control studies have shown a nega- 
tive,” a positive,” or no association.’ '*” Certain stud- 
ies'°”'** but not others'**'°°!°” suggested a dose-response rela- 
tionship between the duration of breastfeeding and protection from 
TIDM. A meta-analysis found a 50% increase in TIDM risk 
associated with a breastfeeding duration of less than 3 months, and 
exposure to breast-milk substitutes prior to 3 months of age.!°? 
Breastfeeding may be viewed as a surrogate for the delay in the in- 
troduction of diabetogenic substances present in formula or early 
childhood diet. Newly diagnosed T1DM children, compared with 
age-matched controls, have higher levels of serum antibodies 
against cow’s milk and B-lactoglobulin,”"™ as well as against 
BSA.”°! However, it has been difficult to reproduce some of these 
reports.” More recent cohort studies failed to find an association 
between infant diet exposures and B-cell autoimmunity.“*”"'™ In- 
terestingly, a study in Finland suggested that current cow’s milk 
consumption was more closely linked to prediabetic autoimmunity 
and diabetes than infant exposure.” Despite these limitations, a 
dietary intervention trial to prevent T1DM by a short-term elimina- 
tion of cow’s milk from infant diet (TRIGR) is under way.” 

Circumstantial evidence suggests a connection between T1DM 
and consumption of foods and water containing nitrates, nitrites, or 
nitrosamines.”-?" Anecdotal reports have shown that toxic doses 
of nitrosamine-containing compounds and generation of free radi- 
cals can cause diabetes.” 
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Gene-Environment Interactions 


TIDM is likely caused by an interactive effect of genetic and envi- 
ronmental factors within a limited age window. While both the 
susceptibility genes and the candidate environmental exposures 
appear to be quite common, the likelihood of these causal compo- 
nents meeting within the susceptibility age window is low.” To in- 
vestigate the environmental causes of T1DM, the study subjects 
have to be screened for known susceptibility gene markers so that 
gene-environment interactions can be accounted for. 


Interaction Between HLA Class H 

Alleles and Viral Infection 

Susceptibility to diabetogenic enteroviruses in humans appears 
to be genetically restricted by HLA-DR and DQ alleles. How- 
ever, the allelic specificity is controversial!°?°*?!° and may de- 
pend on the viral type and epidemiology. For instance, in Sweden, 
DR3 was associated with IgM responses to CB4, while DR4 was 
associated with IgM responses to CB2, CB3, and CBS.” Elevated 
antiviral IgM levels in subjects with a specific HLA phenotype may 
reflect a greater ability to mount an immune response or a higher 
susceptibility to infection. This explanation is consistent with no 
apparent relationship between the presence of enteroviral RNA and 
HLA phenotypes '*” (Graves, unpublished data, 2001). 


Interaction between HLA Class II 

Alleles and Infant Diet 

Very few studies to date have examined a possibility of an in- 
teraction between the effects of HLA genes and exposure to cow’s 
milk.”°”?!!~?!5 In one of these studies, controlling for birth order, 
ethnicity, and family income, exposure to whole cow’s milk by 
3 months of age was associated with TIDM more strongly in chil- 
dren with high-risk HLA than in those with low-risk HLA.”"' 


REMISSION (“HONEYMOON PERIOD”) 


Shortly after clinical onset, most TIDM patients experience a tran- 
sient fall in insulin requirement due to an improved B-cell function. 
Total and partial remissions have been reported in, respectively, 
2-12% and 18-62%, respectively, of young TIDM patients.'”> 
212.213 Older age and less severe initial presentation of TIDM?!??!* 
and low or absent ICA?!" or [A-2?!* have been consistently asso- 
ciated with deeper and longer remission. Evidence relating GAD 
autoantibodies,?!>?'*?!" non-Caucasian origin, HLA-DR3 allele, 
female gender, and family history of T1DM to a less severe presenta- 
tion, greater frequency of remission, and slower deterioration of in- 
sulin secretion is inconclusive. Most studies,”'?*"” but not all,”'??!4 
agree that preserved B-cell function is associated with better 
glycemic control (lower HbA,,) and preserved a-cell glucagon re- 
sponse to hypoglycemia.””° The prevalence of ICA (but not GAD) 
decreases from 87% at the time of TIDM diagnosis to 38-62% 2-3 
years later,”'**! faster in young boys, subjects lacking HLA-DR3 
and 4, and those diagnosed between July and December.” 

The natural remission is always temporary, ending with a grad- 
ual or abrupt increase in exogenous insulin requirements. Destruc- 
tion of B cells is complete within 3 years of diagnosis in most 
young children, especially those with the HLA-DR3/4 pheno- 
type.” It is much slower and often only partial in older patients,” 
15% of whom have still some B-cell function preserved 10 years 
after diagnosis.7"* 


Secondary Prevention in New-Onset 
T1DM Patients 


A number of the placebo-controlled randomized trials using aza- 
thioprine, cyclosporin A, nicotinamide, prednisone, and other im- 
munosupressive agents attempted to increase the rate and the dura- 
tion of TIDM remission. Only cyclosporin A treatment has been 
shown to be partially effective, inducing total remission in 25-40% 
of patients and sustaining it for 1 year in 18-24% of newly diag- 
nosed patients, compared to 0-10% in the placebo group." 
However, the drug is nephrotoxic, of little value in children, and ef- 
fective for only as long as it is administered,””* rendering this ap- 
proach to secondary prevention of TIDM unacceptable. Trials 
using intensive insulin treatment, ~~ 8 oral insulin,?” or immuno- 
modulation?” have been even less successful than cyclosporine A 
trials. Recently completed or ongoing prevention trials are listed in 
Table 19-2. 


ESTABLISHED DIABETES 


Complications 


Acute complications of T1DM: (diabetic ketoacidosis, hypo- 
glycemia, and infections) are described in detail in Chaps. 31, 34, 
and 36. The risk of hospital admission for acute complication is 
30/100 patient-years in the first year of the disease and 20/100 in 
the subsequent 3 years." An estimated 26% of the patients have at 
least one episode of severe hypoglycemia within the initial 4 years 
of diagnosis, with little relation to demographic or socioeconomic 
factors. The incidence of severe hypoglycemic episodes varies be- 
tween 6 and 20/100 patient-years, depending on age, geographic 
location, and intensity of insulin treatment.‘ 

Diabetes is the leading cause of end-stage renal disease, blind- 
ness, and amputation, and a major cause of cardiovascular disease 
and premature death in the general population.”*' The disease re- 
sults in over $5 billion in medical care expenditures per year, with 
costs for patients over 10 times those for nondiabetics.'’ These as- 
pects of diabetes are highlighted in other chapters of this book. 


Mortality 


Insulin treatment dramatically prolongs survival, but it does not 
cure diabetes. Although the absolute mortality at onset and within 
the first 20 years of TIDM is low (3-69), it is 5 times higher for di- 
abetic males and 12 times higher for diabetic females, compared to 
the general population.” This excess mortality is lowest in Scandi- 
navia, intermediate in the United States, and highest in countries 
where TIDM is rare, for example, Japan,”**?** probably due to a 
combination of the quality of care and access. Even in Finland, at 
least a half of the deaths are due to currently preventable causes 
such as acute complications, infections, and suicide.” On the other 
hand, 40% of the patients survive over 40 years and half of these 
have no major complications. Survival and avoidance of complica- 
tions have been related to better metabolic control***; however, ge- 
netic factors also appear to be involved. Inconsistent associations 
have been reported between diabetic nephropathy and HLA- 
DR4°” and several genes involved in blood pressure regula- 
tion.?**?3* 4 Polymorphisms of apolipoproteins E and A-IV?%* ap- 
pear to play a role in the development of coronary artery disease in 
T2DM patients, but have not been extensively studied in persons 
with TIDM. 
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TABLE 19-2. Selected Recent or Ongoing Type 1 Diabetes Prevention Trials 


Nonantigen Specific 


Antigen Specific 


Secondary Prevention Trials (in Newly Diagnosed Patients) 


MMF and DZB: P. Gottlieb, Colorado and Seattle 

Anti-CD3 hOKT3 IV: K. Herold, New York; F. Gorus, 
The Netherlands 

HSP 65 p277 (Peptor) SC: D. Elias, Israel 

Multidose DZB: H. Rodriguez, Indiana 

Oral hIFN-alpha: S. Brod, Texas 

Q fever vaccine SC: K. Lafferty, Australia 

Diazoxide: E. Bjork and A. Karlsson, Sweden 

Lisofylline IV: S. Kirk 

Vitamin E + nicotinamide: P. Pozzilli, Italy 


Italy/France? Oral Insulin: No effect 
Oral Insulin, N. Maclaren: T C-peptide? 
NBI 6024-003, Neurocrine 

hGAD SC in alum, Diamyd 


Primary Prevention Trials (In Nondiabetic Relatives) 


ENDIT: Nicotinamide 
TRIGR: Casein hydrolysate (cow’s milk elimination) 


Tertiary Prevention 


The Diabetes Control and Complication Trial” and a number of 
smaller studies have demonstrated that intensive insulin therapy 
that maintains blood glucose concentrations close to the normal 
range can delay the onset and slow the progression of diabetic 
retinopathy, nephropathy, and neuropathy. Additional research is 
needed to determine the basis for genetic susceptibility to micro- 
and macrovascular complications”” and to develop successful ter- 
tiary prevention of hypertension and accelerated atherosclerosis in 
persons with TIDM. 


TYPE 2 DIABETES MELLITUS 


Type 2 diabetes mellitus (T2DM), formerly known as non-insulin- 
dependent diabetes, is the most frequent form of diabetes mellitus 
in all parts of world. The prevalence of the disease is increasing 
globally.7** It is estimated that in 2000 there were approximately 
150 million individuals with the disease and that this number is 
likely to double by 2025. In most countries, including those with a 
high level of medical care, there is typically one undiagnosed case 
of T2DM for each that is known. Thus, studies that ascertain only 
previously diagnosed cases are subject to limited interpretation. 

As T2DM may remain undetected for many years, investiga- 
tions of its development, natural history, and complications are 
compromised when cases are identified only by routine clinical di- 
agnosis. As undiagnosed diabetes represents an important fraction 
of the population with the disease, most epidemiologic studies are 
performed by testing all subjects in the population of interest. 
Without systematic testing, an incomplete and potentially mislead- 
ing picture of the frequency or distribution of the disease is ob- 
tained. Furthermore, because of the differences in criteria, compar- 
isons of rates from recent and earlier studies must be made with 
caution. 

The 1980 internationally accepted WHO criteria for the diag- 
nosis and classification of diabetes led to much greater uniformity 


Joslin/BDC’ parenteral insulin: Delay 
Schwabing’ parenteral insulin: Delay 
DPT-1° parenteral insulin: No effect 
DPT-1° oral insulin: 2 

DIPP? nasal insulin: ? 

INIT? IntraNasal Insulin trial: ? 


of methods used in epidemiologic studies.™?”?® Recently, the diag- 
nostic criteria have been revised, thus complicating comparisons of 
studies that are analyzed according to the new criteria and those 
that used the 1980 WHO criteria.*°?*! 


Changes in Diagnostic Criteria 


The classification and diagnostic criteria for diabetes mellitus were 
revised by the American Diabetes Association in 19977°° and by 
the World Health Organization in 1999 (see Chap. 18).?*' The main 
changes included the designation of the majority of individuals for- 
merly classified as non-insulin-dependent diabetes mellitus as 
T2DM mellitus. However, some individuals who fell into this cate- 
gory in earlier classifications were reclassified as Other Specific 
types of diabetes because the underlying basis for their abnormal- 
ity of carbohydrate tolerance can now be specifically identified. 
Several types of non-insulin-dependent diabetes usually presenting 
in younger adults and widely known as maturity-onset diabetes of 
the young (MODY) were reclassified because the specific genetic 
causes of the disease have been identified. Cases of patients with 
non-insulin-treated diabetes who have circulating autoantibodies, 
such as islet cell antibodies, glutamic acid dehydrogenase anti- 
bodies, or insulin auto-antibodies, or HLA-DR types typically as- 
sociated with T1DM, are now classified as TIDM. Diabetes of the 
category formerly known as malnutrition-related diabetes is now 
subdivided into those with fibrocalculus pancreatopathy, reclassi- 
fied among Other Specific types of diabetes, whereas the remainder 
of patients without this specific feature now are considered to have 
T2DM. Thus, T2DM represents diabetes in the absence of T1DM 
or Other Specific types of diabetes. Nonetheless, the vast majority 
of diagnosed and undiagnosed diabetes in most populations falls 
into the T2DM category. 

The revised diagnostic criteria accord greater importance to 
the fasting plasma glucose concentration (FPG) as a criterion for 
diagnosis, with the value considered diagnostic of diabetes low- 
ered to greater than or equal to 126 mg/dL or 7.0 mmoV/L.”°°?*! In 
addition, a category or clinical stage of diabetes called impaired 
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fasting glycemia (IFG) was introduced to categorize individuals 
who have fasting plasma glucose levels that are abnormal but 
fall short of the new diagnostic fasting plasma glucose level for 
diabetes, that is, FPG = 110 mg/dL (6.1 mmol) —125 mg/dL 
(<7.0 mmol/L). The category of impaired glucose tolerance (IGT) 
was retained. These changes in diagnostic criteria have resulted in 
some individuals being reclassified as having diabetes, that is, indi- 
viduals with FPG levels at or above 126-139 mg/dL and with post- 
load 2-hour glucose values of less than 200 mg/dL. thereby result- 
ing in an increase in prevalence.” Furthermore, some recent 
papers have reported prevalence of diabetes based solely on fasting 
glucose values rather than on the 2-hour value based on oral glu- 
cose tolerance testing. 

While the category of impaired glucose tolerance has been rec- 
ognized as a risk category for the past 20 years, the category of im- 
paired fasting glucose is new. Furthermore, it is now apparent that 
less than a majority of individuals with impaired glucose tolerance 
have impaired fasting glucose, and conversely, less than a majority 
of those with impaired fasting glucose have impaired glucose toler- 
ance (see Chap. 18).297253 


Prevalence 


The prevalence of T2DM varies enormously in different coun- 
tries and among different racial and ethnic groups (Fig. 19-8).?** 
Dramatic increases in the prevalence and incidence of T2DM 
have occurred in many parts of the world, especially in the 
newly industrialized and developing countries. Indeed, the ma- 
jority of cases of T2DM in the future will occur in developing 
countries, with India and China having the highest number of 
cases in the world.”4* 

Estimates have been made of the likely increases in the preva- 
lence of diabetes over the next 20 years. Based on demographic 
changes, such as the increase and aging of populations, as well 
as trends in rural to urban migration, it is estimated that 
the prevalence of diabetes will approximately double in the next 
25 years." 

T2DM in developed countries most often occurs in the middle 
to older age groups. In developing countries, because of the 


FIGURE 19-8. Prevalence of diabetes according to 1980 WHO criteria in 
men and women aged 30-64 years in different countries and various ethnic 
groups. (Adapted from reference?” ) 
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younger age distribution of the population, many cases occur in 
young to middle-aged adults. The disease, however, can develop in 
childhood or adolescence and its occurrence in these age ranges ap- 
pears to be increasing rapidly especially in populations that already 
have a high overall prevalence of T2DM.?” In Caucasian popula- 
tions, in the United States and Europe the prevalence of T2DM in- 
creases with age at least into the seventies.” Prevalence, however, 
represents the balance between the cumulative rate of development 
of new cases (cumulative incidence) and the effect of excessive 
mortality among those with the disease. Furthermore, the patterns 
seen in prevalence data can be influenced considerably by secular 
changes in the incidence of the disease. 

In the United States, the most complete information on the 
prevalence of T2DM has been obtained from the U.S. National 
Health Examination Surveys.”™™”?™ Surveys carried out in persons 
age 20-74 years in representative samples of the U.S. population 
show that the prevalence differs considerably in different ethnic 
groups.” The prevalence in Hispanic Americans, particularly 
Mexican Americans, is higher than in the white or black popu- 
lations and African-Americans have a greater prevalence than 
whites.** Native American populations have a prevalence of T2DM 
even higher than Hispanic and African-Americans, although the 
prevalence does vary from one tribal group to another.”°'?® The 
exception to this appears to be among Eskimos, who have a preva- 
lence no higher than white Americans.”°! 

Data from the health examination surveys (NHANES III) con- 
ducted between 1988 and 1994 showed that 5.1% of U.S. adults 
age 20 years and over already carried a diagnosis of diabetes.” 
The prevalence of undiagnosed diabetes, based on fasting plasma 
glucose levels of 126 mg/dL or higher, was 2.7%, or based on glu- 
cose tolerance tests and the 1985 WHO criteria, was 6.3%.” The 
total prevalence was 7.8% based on diagnosed diabetes and fasting 
plasma glucose levels only, or 11.4% when based on the 1985 
WHO criteria, rates appreciably higher than seen in earlier surveys. 
Among persons age 40-74 years the prevalence (based on the fast- 
ing criteria) had increased from 8.9% in 1976-1980 to 12.3% in 
1980—1994—a 38% increase over the course a decade. Data from 
the Behavioral Risk Factor Surveys, carried out on representative 
samples of U.S. adults by telephone interviews, indicate that the 
prevalence of diagnosed diabetes in those aged 18 years and over 
has continued to increase between 199] and 1999 from 4.1 to 6.0% 
in men, and from 5.6 to 7.6% in women, an increase of approxi- 
mately 40% in less than a decade.”® 2% 

Increases in T2DM have been observed in many other popula- 
tions in the past half-century. For example, among the Pima Indi- 
ans a 40% increase in the prevalence occurred between 1967 and 
1977, primarily due to an increase in the incidence (the rate of de- 
velopment in new cases) of the disease.” 


Prevalence of Diabetes in Other Countries 


The prevalence of T2DM varies considerably among populations 
of different ethnic origins living in similar environments.” For ex- 
ample, in Singapore, the frequency of diabetes in 1992 was 8.5%— 
7.7% in Chinese men and women aged 18-69 compared to 13.3% 
and 12.3%, respectively, among the Asian Indians and Malays.7°° 
High prevalence rates of diabetes have also been found among 
Asian Indians compared to the indigenous populations in the 
United Kingdom, Fiji, and the Caribbean.” Considerable differ- 
ences in the prevalence of diabetes have also been described among 
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the multi-ethnic populations of Hawati and New Zealand, where 
the Native Hawaiian and Maori populations, both of Polynesian 
origin, have higher prevalences than other ethnic groups.” Such 
differences support to the notion that there are racial and ethnic dif- 
ferences in the inherent susceptibility to develop T2DM. Never- 
theless, there is also clear evidence that T2DM prevalence varies 
according to socioeconomic, educational, and other acquired char- 
acteristics so that differences in the prevalence of the disease in dif- 
ferent ethnic groups living in the same location may be attributable 
to factors other than genetic predisposition to the disease. 


T2DM in Children and Adolescents 


T2DM was formerly considered as a disease of adults. In recent 
years, however, there have been many reports of its occurrence in 
childhood and adolescence.” As in adults, the disease in 
children is frequently asymptomatic and is detected mainly by 
screening. In Japan, a national program for screening school chil- 
dren has been in place since 1992 and the number recognized to 
have T2DM has increased progressively so that the prevalence and 
incidence of T2DM greatly exceed those of TIDM.””' Adolescent 
T2DM was first described among the Pima Indians*” and the 
prevalence has increased steadily over the past 30 years (Fig. 
19-9).”© Reports of T2DM in this age group have appeared from 
many ethnic groups in recent years, including other Native Ameri- 
can tribes, Mexican Americans, African-Americans, Chinese, 
Polynesians, Asian Indians, and Arabs from the Gulf States. There 
are few reports among Caucasians, suggesting that the condition is 
still relatively rare in this ethnic group. 

T2DM in childhood and adolescence is associated with obesity 
and parental diabetes, and in the Pima Indians, about a third of the 
affected are offspring of mothers who had diabetes during preg- 
nancy.”® It is also associated with the development of the same vas- 
cular complications as are seen in adults, but at an earlier age.””* 


Incidence 


Incidence is the rate of development of new cases of disease. Only 
a few studies of the incidence of T2DM using standardized and 
comparable methodology have been reported. One method to de- 
termine the incidence in a specific population is to test glucose tol- 
erance at two separate points in time and then estimate the cumula- 
tive incidence within the interval between the tests. Another 
method involves multiple tests at regular intervals over a period of 
time. By this method, the date of onset of disease can be estimated 


FIGURE 19-9. Changes in prevalence of type 2 diabetes in Pima Indian 
children and adolescents over a 30-year period. (From reference?) 
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and the incidence density rate (new cases per person-year at risk 
can be calculated. 

A less desirable, but easier method of estimating the change: 
in the incidence of T2DM has been used to examine if there ha: 
been a secular increase in the incidence of diabetes in the genera 
U.S. population. In the National Health Interview Survey, the ques- 
tion of whether diabetes has been diagnosed during the pas 
12 months has been asked on several occasions. The prevalence oi 
diagnosed diabetes and the rate of new diagnoses reported withir 
the previous 12 months, have increased remarkably over time.” 
Some of this increase is undoubtedly attributable to the more fre- 
quent and widespread use of blood tests for glucose in routine med- 
ical care, but the continuing increase strongly suggests that the in- 
cidence of diabetes has risen considerably in the United States 
since 1940. Incidence studies using standardized glucose tolerance 
tests have been performed in the Pima Indians of Arizona’”*?”> and 
among Micronesians in the central Pacific island of Nauru.”’° Both 
groups have very high incidence rates. Among Pima Indians, the 
age-specific incidence and aged-adjusted incidence rates of dia- 
betes have increased over the course of two decades,””’ whereas in 
Naum, the incidence may now be falling. 


Mortality 


T2DM is associated with excess mortality, mainly attributable to 
the vascular complications of the disease. In Caucasian popula- 
tions, much of the excess mortality is attributable to cardiovascular 
disease, especially ischemic heart disease,””*** but in others, such 
as Asian and American Indian populations, renal disease con- 
tributes to a considerable extent.?*'?*? In developing nations, an 
important component of the excess is due to infections.” 

Age-adjusted mortality rates among persons with diabetes are 
1.5-2.5 times higher than in the general population,””® but the ex- 
cess is greater in younger age groups and diminishes at older ages. 
The excess mortality leads to reduced life expectancy among those 
with T2DM.”**** The extent of the reduction of life expectancy is 
dependent on the age of onset of the disease, but averages approxi- 
mately 10 years in countries such as the United States. Mortality in 
women is generally lower than in men, but the relative risk of death 
in women with diabetes is increased so that the absolute rates ap- 
proach those seen in men with T2DM.786?8? 

The increased mortality in patients with T2DM is seen mainly 
among those with complications. Risk factors include proteinuria 
and retinal disease, and the classic risk factors for heart disease. 
Hyperlipidemia, hypertension, and smoking, each contribute dis- 
proportionately to death rates among those with T2DM.”** Mortal- 
ity rates also increase with increasing duration of the disease.”*° 


Risk Factors 


Familial Aggregation 

The empiric risk of having T2DM is increased two- to sixfold 
if a parent or sibling has the disease.*? Consequently, a positive 
family history is a practical, albeit crude, way of estimating if an 
individual is likely to have inherited susceptibility to the disease. 
On the other hand, familial aggregation may occur for nongenetic 
reasons. Family members often share a similar environment, par- 
ticularly as children and in adolescence thus familial aggregation 
alone is not definitive evidence of genetic determinants. Further- 
more, with a disease as frequent as T2DM two or more family 
members may well have the disease by chance alone. 
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Genetic Factors 


Twin Studies 

A higher degree of concordance for T2DM in identical twins 
than in dizygotic twins provides strong evidence that genetic fac- 
tors are important in determining susceptibility," even though 
twins share the same intrauterine environment and usually grow up 
in a similar environment. Nevertheless, the high degree of concor- 
dance among twins per se does not indicate that the majority of in- 
dividuals who carry genetic susceptibility will develop the disease; 
thus, among identical twins, there may be pairs who carry the ge- 
netic susceptibility and may never manifest the disease. 

Further evidence of the importance of genetic factors as predis- 
posing factors for T2DM comes from studies of admixed popula- 
tions. Differences in prevalence among persons of mixed racial 
background from that in parent populations with notably different 
prevalences of the disease are indicative of the importance of ge- 
netic determinants. Such relationships have been described among 
Nauruans and Pima Indians where full-heritage members of these 
groups have significantly higher rates of diabetes than those of 
mixed heritage (Fig. 19-9).7°?”? Similarly, among the Mexican 
American population of San Antonio, the prevalence of T2DM is re- 
lated to the degree of American Indian admixture, with higher rates 
associated with greater proportions of American Indian genes.” 


Genes 

Genes that specifically confer risk for the development of 
T2DM have been identified only to a limited extent. Genes have 
been identified that determine susceptibility to several rare forms 
of monogenic diabetes, such as MODY, that were formerly classi- 
fied as non-insulin-dependent diabetes. Many patients with such 
forms of diabetes may still be inaccurately diagnosed as T2DM un- 
less specific attempts are made to identify them. These monogenic 
forms of diabetes, now classified as Other Specific types of dia- 
betes, are discussed in Chap. 21. 

T2DM is a complex genetic disorder. Genomic scans have iden- 
tified several regions in the genome where putative susceptibility 
genes are located.” Several genomic scans have indicated the 
presence of a locus or loci on chromosome 1, but apart from this re- 
gion, there is limited consensus concerning the likely location of 
others. These observations suggest that the common forms of T2DM 
are multigenic and that the relative importance and frequency of the 
genes determining susceptibility varies from population to popula- 
tion. Certain haplotypes of the calpain 10 gene in the Mexican 
American population of Starr County, Texas,” and polymorphisms 
of the PPPR1 gene in the Pima Indians*”' have been identified as 
contributing to susceptibility to T2DM, and polymorphisms in the 
PPAR; gene have been reported to interact with dietary fat intake to 
contribute to physiologic characteristics that predispose to the dis- 
ease (see Chap. 213° 

Modest associations of HLA type and T2DM have been re- 
ported in the populations of Pima Indians, Nauru, Asiatic Indians 
in Fiji, and in the Finnish population.”7°°?"™ This chromosomal 
region, however, has shown no definite evidence of linkage in the 
genomic scans, and in marked contrast to T1DM, seems likely to 
have only a minor role in contributing to susceptibility in T2DM. 


Age and Sex 

The prevalence and incidence of T2DM vary to some extent 
between the sex from one population to another, but these differ- 
ences are relatively small and appear to be accounted for by differ- 


ences in other risk factors, such as obesity and physical activity. 
The prevalence of T2DM increases with age, although these pat- 
terns of incidence vary considerably. In populations with high fre- 
quencies of the disease, the incidence may be high and the preva- 
lence may increase markedly in the younger adult years (e.g., 
20-35 years of age); in others, the incidence and prevalence 
increase mainly in older individuals (e.g., 55-74 years of age). 
In most populations a decrease in prevalence is seen in the oldest 
age groups (e.g., 75+ years) because of higher mortality rates in 
those with T2DM. 

Prevalence rates, however, reflect the balance between the rate 
of development of new cases (incidence), the duration of disease 
and mortality. Thus, secular changes in the incidence of the disease 
can have a marked influence on age-specific patterns of prevalence 
in different populations and in the same population over different 
time periods. 

Incidence rates provide a much more accurate reflection of 
changing patterns of disease, but only a limited number of studies 
have measured age- and sex-specific incidence rates for T2DM. 
Such rates vary considerably according to other risk factors. Figure 
19-10 shows the differences in age-specific incidence rates accord- 
ing to body mass index (BMI) in the Pima Indians.””* Those with 
higher BMI have much higher incidence rates of T2DM at earlier 
ages than those with lower BMI, among whom the incidence rises 
in the older age groups. 


Obesity 

Obesity is a frequent concomitant of T2DM. In many longitu- 
dinal studies, it has been shown to be a powerful predictor of its 
development.?”° 305 In nonobese individuals, the incidence of 
T2DM is low, even in populations such as the Pima Indians where 
the overall risk of the disease is very high. The relationship of inci- 
dence of T2DM to obesity also varies with other risk factors. For 
example, in the Pima Indians, the incidence rises much more 
steeply with BMI in those whose parents have diabetes than in 
these who do not (Fig. 19-11). This relationship indicates an inter- 
action between risk factors. 

Several studies indicate that waist circumference or waist-to- 
hip ratio may be a better indicator of the risk of developing diabetes 
than body mass index.*°° 3° Such data suggest that the distribution 
of body fat is an important determinant of risk as these measures 
reflect abdominal or visceral obesity. In Japanese American men, 


FIGURE 19-10. Incidence of diabetes by age group according to body mass 
index (BMI) in Pima Indian men and women. (Updated from reference”™) 
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FIGURE 19-11. Age-sex adjusted incidence of diabetes in Pima Indians ac- 
cording to body mass index and whether diabetes was present in both, one 
or none of their parents. (Adapted from reference”) 


for example, the intraabdominal fat as measured by CAT was the 
best anthrometric predictor of diabetes incidence.” 

Obesity has increased rapidly in many populations in recent 
years. This increase has been accompanied by an increasing preva- 
lence of T2DM. As obesity is such a strong predictor of diabetes in- 
cidence, it appears that the rapid increases in the prevalence of 
T2DM seen in many populations in recent decades are almost cer- 
tainly related to increasing obesity. Furthermore, interventions di- 
rected to reducing obesity reduce the incidence of T2DM in obese 
individuals with impaired glucose tolerance (vide infra). 


Physical Activity 

Many studies indicate the important role of physical activity in 
the development of T2DM.°*-*" Nevertheless, its relative impor- 
tance may be underestimated in most studies because of impreci- 
sion in measurement. Several studies do provide evidence of a 
causal role of physical inactivity in the etiology of T2DM.227!03!2 
The deleterious effect of low levels of physical activity is seen par- 
ticularly among those subjects who have other risk factors, such as 
high BMI, hypertension, or parental diabetes. For example, in the 
Nurses Health Study, women who reported exercising vigorously 
at least once per week had an age-adjusted incidence rate of self- 
reported clinically diagnosed diabetes that was two-thirds as high 
as that of women who exercised less frequently.*” Similarly, 
among male physicians, the incidence of self-reported diabetes was 
negatively related to the frequency of vigorous exercise, and the 
strength of this relationship was greater in those with higher 
BMI.*”° For equivalent degrees of obesity, more physically active 
subjects have a lower incidence of the disease (Fig. 19-12).°!* In- 
tervention studies that have included increased physical activity to 
prevent diabetes among subjects with impaired glucose tolerance 
(vide infra) demonstrate a reduced incidence of T2DM, but the 
dose-response relationship of physical activity to diabetes inci- 
dence, and the extent that the relationship is confounded by con- 
comitant weight loss, remains unclear. 


Gestational Diabetes 
Gestational diabetes (diabetes first recognized during preg- 
nancy) is more frequent among women from subgroups of the pop- 
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FIGURE 19-12. Incidence of diabetes according to baseline level of physical 
activity and body mass index (BMI) in men. (Adapted from reference’) 


ulation who have a high risk of T2DM (e.g., older, overweight or 
obese women, certain ethnic groups, etc.). In some cases, gesta- 
tional diabetes represents diabetes that was present, but undiag- 
nosed before pregnancy. In others, it develops during pregnancy, 
most frequently toward the end of the second trimester. It is in this 
latter group that glucose tolerance is likely to become normal fol- 
lowing delivery, but such women carry a high risk for developing 
diabetes.*"7 


Other Risk Factors 


Genes, obesity, and physical inactivity appear to be the most im- 
portant risk factors for T2DM. There are, however, others that in- 
fluence the risk of developing T2DM, but their importance on a 
population level is much less than those of obesity and physical 
inactivity. These include low birth weight, exposure to a diabetic 
intrauterine environment, and other metabolic and environmental 
exposures. 

The relative importance of genetics is difficult to assess in the 
absence of specific knowledge of the genes concerned. The extent 
to which the effects of obesity and physical activity vary according 
to the presence or absence of diabetes in parents indicates that ge- 
netic factors are important, but not sufficient, for the development 
of the disease. The strength of the relationship between obesity and 
physical inactivity suggests that T2DM is, for the most part, a pre- 
ventable disease. 


Low Birth Weight 

Studies in many populations indicate that low-birth-weight ba- 
bies have an increased risk of developing T2DM in adult life.” 
This relationship was first described by Hales and Barker,*'? who 
suggested that low birth weight due to nutritional deprivation 
in utero also resulted in reduced B-cell mass. They suggested that 
the relationship might represent a “thrifty phenotype”’—an ac- 
quired rather than inherited defect—that was expressed as T2DM 
when those with the phenotype were exposed to a more affluent nu- 
tritional environment. Low birth weight is also associated with 
other traits that are associated with the development of diabetes in- 
cluding increased blood pressure, elevated triglycerides, and lower 
HDL concentrations—all characteristics of the insulin resistance or 
metabolic syndrome.*”° 

Low birth weight (and also high birth weight—see the follow- 
ing discussion) is predictive of diabetes among the Pima Indian 
population.*'> The fathers, but not the mothers, of low-birth-weight 
Pima babies have higher rates of diabetes than the fathers of more 
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usual weight babies, suggesting that the low-birth-weight to dia- 
betes relationship may have a genetic rather than an acquired 
basis.*?! There are certainly paternally derived genes that are 
linked to low birth weight, but whether or not these same genes 
predispose the offspring to T2DM remains to be determined. Low- 
birth-weight children are relatively insulin-resistant and it has also 
been suggested that the low-birth-weight to diabetes relationship 
might represent the selective survival of insulin-resistant babies 
and that this insulin-resistance would later lead to T2DM.°~ In 
spite of the importance of this relationship in furthering under- 
standing of the complex biology of early life events, the proportion 
of T2DM in most populations that can be accounted for by low 
birth weight is relatively small.” 


Intrauterine Environment 

The intrauterine environment influences the risk of developing 
T2DM. Offspring of diabetic pregnancies develop obesity at an 
early age and also are at high risk of developing T2DM at an early 
age (Fig. 19-13).*** Such individuals have lower insulin secretion 
than similarly aged offspring of nondiabetic pregnancies.*”° 

A substantial part of the excess risk of diabetes in the offspring 
of diabetic pregnancies appears to be the result of exposure to the 
diabetic intrauterine environment. Among offspring born to moth- 
ers before and after the development of T2DM, those born after the 
mother developed diabetes have a three fold higher risk of develop- 
ing diabetes than those born before.°”° Thus, the enhanced risk 
among the offspring from diabetic pregnancies among such women 
is the result of intrauterine programming that has long-term effects 
on the offspring in later life. 

The early appearance of T2DM in female offspring increases 
the likelihood that their offspring will be exposed to a diabetic in- 
trauterine environment. This will lead to an increased prevalence of 
diabetes in subsequent generations. 


Inflammation 

Several inflammatory markers, such as interleukin 6, C-reactive 
protein, other cytokines, and acute-phase reactants, such as fibrin- 
ogen and plasma activator inhibitor-1 (PAI-1), have been associated 
with T2DM and its metabolic precursor, insulin resistance.” ?® 
The extent to which these proteins are involved in the pathogenesis 
of T2DM is not clear. Nevertheless, it has been suggested that 
T2DM could be a disease of the innate immune system?” 


FIGURE 19-13. Prevalence of diabetes in offspring, by age group, accord- 
ing to whether mother had diabetes at time of pregnancy, developed it later, 
or remained non-diabetic. (From reference?) 
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The epidemiologic support for the hypothesis comes from evi- 
dence that C-reactive protein, interleukin-6, and gamma globulin 
levels are associated with and also predict the development of 
T2DM.*”’*° The extent to which these markers are a cause or a 
consequence of underlying pathogenetic processes is presently 
uncertain. 

Certain infections, such as hepatitis C, have also been associ- 
ated with T2DM. Patients with hepatitis C infection not infre- 
quently have glucose intolerance. Furthermore, in the NHANES 
III survey, anti-HCV antibodies were found 3 times more com- 
monly in patients with T2DM than those without, but only about 
one-third of those with T2DM had such antibodies.**'**? There 
are no prospective population-based studies to indicate whether 
hepatitis C infection predicts the development of T2DM or how 
much of the disease might be attributable to this infection. 


Sex Hormones 

Low levels of sex hormone binding globulin predict the devel- 
opment of T2DM in women but not in men.****4 Furthermore, 
men with low testosterone levels and women with high levels of 
androgens are insulin-resistant.**° Insulin resistance, or hyperinsu- 
linemia, and hyperandrogenemia and nulliparity are also character- 
istic of the polycystic ovarian syndrome. Nulliparity in the Pima 
Indians is associated with a higher prevalence of T2DM.*** The 
significance of these relationships and the importance of sex hor- 
mones as risk factors for T2DM requires further investigation. 


Dietary Factors 

Breastfeeding is reported to be associated with a lower preva- 
lence of T2DM in young adults.*”’ This suggests that dietary fac- 
tors in early life may program the risk of diabetes in Jater years. 

In spite of obesity being such a strong risk factor for T2DM, 
the role of dietary factors in the development of T2DM is complex. 
The prevalence of diabetes has risen in many countries as nutrition 
and caloric intake have increased, for example, Japan. Conversely, 
marked reductions in T2DM have been recorded in wartime when 
caloric and nutritional deprivation have been present.*** Such ob- 
servations, however, provide no indication of the role of specific 
effects of diet in the etiology of T2DM. 

Many studies have examined nutritional and calorie intake in 
persons with T2DM and controls. Few consistent differences have 
emerged from these studies, which are open to the criticism that the 
purported differences are a result rather than a cause of the dia- 
betes. There are only a few prospective studies where dietary infor- 
mation has been obtained in cohorts before the onset of diabetes, 
who were then followed to ascertain the development of diabetes. 
Some of these studies have been very small and have lacked power 
to detect any but large effects,” but some suggest that total 
calorie intake and a low polyunsaturated to saturated fat ratio may 
predispose to the disease. Recently some large studies, such as 
Nurses Health Study and the Iowa Study, have examined the effects 
of dietary intake on the incidence of diabetes.**73“4 In each of these 
studies, however, diabetes has been ascertained by self-report of 
clinically diagnosed diabetes, which likely underestimates the im- 
portance of the dietary effects. Furthermore, the lack of precision 
and poor reproducibility of dietary interviews further reduce the 
likelihood of detecting important etiologic differences. 

The Nurses Health Study involved almost 90,000 women free 
of diabetes, cardiovascular disease, and cancer at baseline who 
were followed for 16 years, during which, 3300 new cases of 
T2DM developed.” Higher cereal and fiber intake and higher di- 
etary polyunsaturated to total fat ratios at baseline predicted a sig- 
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nificantly lower incidence of T2DM, whereas higher consumption 
of trans fatty acids and foods with a higher glycemic index was as- 
sociated with an increased risk of the disease. While each of these 
relationships was significant, the effects were relatively modest 
with relative risk for diabetes comparing the first and fifth quintiles, 
ranging from 0.6 for cereal fiber, 0.8 for polyunsaturated to total fat 
ratio, and 1.4 for trans fat intake and “glycemic load.”**° The rela- 
tionships were seen across all strata of body mass index. Similar 
patterns have been seen in other studies. Neither total fat nor total 
carbohydrate as a proportion of total energy intake appeared to 
play a major predictive role in the development of T2DM.*“° 

Communities in which there have been rapid changes in the 
type of diet consumed include many where dramatic changes in the 
prevalence or incidence of T2DM have been observed (e.g. Pima 
Indians, Nauru, Japan). In the Pima Indian population, although 
specific dietary components could not be implicated, individuals 
stating that they consumed a more traditional “Indian” diet as op- 
posed to a more “Westem” or “Anglo” diet experienced less than 
half the incidence of diabetes over an average 8-year follow-up pe- 
riod.™” Such an effect, however, may reflect other lifestyle factors, 
rather than diet alone, that may influence the development of the 
disease, and these may not be adequately or appropriately consid- 
ered in the analysis of such data. 

Dietary intervention studies designed to delay or prevent the 
onset of T2DM have been conducted on high-risk individuals with 
impaired glucose tolerance (vide infra). Although these studies 
have shown that the incidence of T2DM can be reduced and that 
the reduction is a function of weight loss, they provide no informa- 
tion about whether or not dietary changes per se are effective, or if 
specific dietary constituents alter diabetes risk. 


Alcohol Intake 

Several studies indicated that moderate alcohol intake is asso- 
ciated with a reduced incidence of T2DM. Among women in the 
Nurses Health Study, there was a reduced incidence of diabetes in 
women who consumed alcohol compared to those who did not. 
There was a strong inverse relation between alcohol consumption 
and body weight, which could explain much of the apparent pro- 
tective effect of alcohol consumption.*"* Among 20,000 male 
physicians, those consuming more than 2—4 drinks per week had a 
lower incidence of T2DM in the subsequent 12 years compared to 
nondrinkers, relationships that persisted after adjustment of BMI 
and other diabetes risk factors.?7°° 

These apparent male to female differences were examined 
among 12,000 45-64-year-old participants in the Atherosclerosis 
Risk in Communities Study.**' After adjustment for other diabetes 
risk factors, men consuming more than 21 drinks per week had a 
significant increase in the incidence of diabetes, whereas no signif- 
icant association with alcohol intake was found among the women. 
The apparent inconsistencies in the results of these studies suggest 
that other lifestyle behaviors differ in relation to alcohol consump- 
tion in different populations. However, it seems unlikely that mod- 
erate alcohol consumption has a deleterious effect on the incidence 
of T2DM, and may even be associated with a modest degree of 
protection. 


Metabolic Changes During Development 
of Type 2 Diabetes 


The development or worsening of insulin resistance represents a 
stage in the development of T2DM as reviewed elsewhere (see 
Chap. 22). Fasting insulin concentrations in subjects with normal 
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glucose tolerance represent a surrogate marker of insulin resist- 
ance, and numerous longitudinal studies have shown that higher 
fasting insulin levels (or other indices of insulin resistance, e.g., 
HOMA) predict the development of T2DM. The effect of obesity 
on T2DM risk is probably mediated by its effect to worsen insulin 
resistance. Insulin resistance is also influenced by physical activity, 
with lower levels of activity being associated with greater insulin 
resistance. Consequently, insulin resistance can be considered a 
mechanism through which many of the risk factors for T2DM exert 
their pathophysiologic effects (Figure 19-14).**? 

Other factors that increase the risk of T2DM, such as low birth 
weight, sex-hormone abnormalities, polycystic ovarian syndrome, 
and inflammatory markers, are all associated with insulin resist- 
ance. Component factors of the insulin-resistance or metabolic 
syndrome also predict the development of T2DM. These include 
increased blood pressure, raised triglyceride and low high-density 
lipoprotein concentrations, and obesity and central or visceral 
adiposity. 

Insulin resistance can be identified before any discernable ef- 
fects on fasting plasma glucose or glucose tolerance can be de- 
tected. As insulin resistance worsens, glucose homeostasis may be- 
come abnormal and impaired glucose tolerance develops. Marked 
fasting hyperinsulinemia is characteristic of this stage of the devel- 
opment of T2DM.** Impaired or deteriorating B-cell function 
leads to inadequate insulin secretion to compensate for the insulin 
resistance and glucose intolerance develops (see Chap. 21). 

Impaired glucose tolerance (IGT) and impaired fasting 
glycemia (IFG) represent clinical stages in the development of 
T2DM. Both IGT and IFG predict the development of T2DM.**— 
356 Data relating to IGT are more numerous, as it was first defined 
in 1979, whereas IFG was defined only in 1997. 

IGT is associated with a high risk of developing T2DM. 
Persons with IGT typically have relatively high BMI, fasting 
hyperinsulinemia, and various features of the metabolic syndrome. 
IGT can be considered a further stage in the development of 
T2DM as a high proportion of those with it progress to T2DM over 
a period of a few years, although such progression is not in- 
evitable.** IGT is associated with a marked degree of insulin re- 
sistance and impaired insulin response to the challenge. Progres- 
sion to T2DM from IGT is most often associated with further 
worsening of B-cell function and the further inability of insulin se- 
cretion to compensate for the insulin resistance.**” Conversely, im- 
provement in glucose tolerance may occur with weight loss, either 
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FIGURE 19-14 Stages and risk factors in the development of type 2 dia- 
betes. (Adapted from reference*”) 
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as a result of caloric restriction or increased physical activity, 
which reduces insulin resistance to the degree that insulin require- 
ments fall so that the existing B-cell function is sufficient to im- 
prove glucose tolerance. 

Impaired glucose tolerance is associated not only with an in- 
creased risk of diabetes, but with increased risks of cardiovascular 
disease (heart disease and stroke), possibly cancer, and increased 
total mortality.’ © The risks for cardiovascular disease are interme- 
diate between those seen in persons with diabetes and those with 
normal glucsose tolerance, but the absolute risks associated with 
IGT vary from population to population. ”®" 

Much less is known about the prognostic significance of im- 
paired fasting glucose. A few studies have demonstrated its ability 
to predict the development of T2DM,*****°** and it is associated 
with increased risks of cardiovascular disease and mortality, al- 
though not to the same extent as IGT.” 

Many persons with IGT do not have IFG and vice versa, and 
some have both. The dissociation in these two manifestations of 
impaired glucose regulation suggests that they have somewhat dif- 
ferent pathophysiologic bases. Studies in persons with monogenic 
forms of diabetes suggest that IFG is associated with a greater liver 
glucose production and a larger B-cell insulin secretory defect than 
IGT.*°??™ Whether this is true in the general population remains to 
be established, but may be anticipated in view of the different glu- 
cose homeostatic mechanisms that control fasting glycemia and 
postprandial or post-glucose challenge hyperglycemia. 


T2DM Prevention 


The prevalence and incidence of T2DM have increased dramati- 
cally during the past 50 years in many countries. Countries such as 
Japan and India that used to have low prevalences now have rates 
that exceed those found in the United States and Europe. In the 
United States, the rates have increased considerably in the past 
30 years and have continued to do so over the past decade.?**** 

In 1962, the relatively high frequency of diabetes in popula- 
tions was proposed to be the result of a “thrifty genotype.”** As di- 
abetes has a strong genetic basis, it was proposed that the high 
prevalence was the result of a genotype that had selective advan- 
tage at the time when human populations were subject to alternat- 
ing cycles of feast and famine, but this genotype became deleteri- 
ous, and gave rise to T2DM, once food supplies become abundant 
and periodic famines no longer occurred. The rapid increase in 
T2DM in the past century can only be attributed to changes in 
lifestyle, primarily increasing obesity and decreasing physical ac- 
tivity. Thus, the thrifty genotype hypothesis provides a plausible 
explanation of why a disease that has such strong genetic suscepti- 
bility determinants has increased markedly in frequency. 

As important lifestyle factors have been identified and groups 
of persons at high risk are identifiable, several recent randomized 
controlled clinical trials have examined whether or not lifestyle in- 
tervention or pharmacologic interventions can reduce the incidence 
of T2DM. 

Studies in DaQing, China, among 530 persons with IGT were 
the first to show that lifestyle interventions could reduce the rate of 
progression to diabetes.**’ The effects of diet alone, exercise alone, 
and both diet and exercise together reduced the incidence of dia- 
betes by about 30% over a 6-year period compared to a control 
group who received only general lifestyle change recommenda- 
tions. There was no significant difference among the three inter- 
vention groups. 


A study from Finland also demonstrated that lifestyle changes 
reduced the incidence of T2DM among overweight individuals 
with IGT. Specific dietary goals were given and a target of at 
least 30 minutes of exercise per day was set. Compared to the con- 
trol group, who lost 0.8 kg over a 2-year period, the intervention 
group lost 3.5 kg. After an average of 3.2 years, the incidence of di- 
abetes in the lifestyle intervention group was 58% lower than in the 
control groups. 

A much larger multicenter study, the Diabetes Prevention Pro- 
gram (DPP),*#937 was conducted in the United States among sub- 
jects with IGT and BMI =24 kg/m” or higher. This study showed a 
58% reduction in the incidence of T2DM over a 3-year period in 
the lifestyle intervention group (Fig. 19-15).*’' One-third of the 
subjects were randomized to metformin treatment. This therapy re- 
sulted in a 31% lower incidence of T2DM, significantly less than 
in the placebo group, but the lifestyle intervention was significantly 
more effective overall than the metformin intervention. 

Another multicenter study (STOP NIDDM), also among sub- 
jects with IGT, examined whether an a-glucosidase inhibitor, aca- 
bose, delayed (or prevented) the onset of T2DM.*”” This study re- 
ported a 25% reduction in the incidence of T2DM over a 3-year 
period. However, as the Finnish study, the DPP, and the STOP 
NIDDM trials were conducted in rather different ways, and the 
characteristics of the randomized individuals varied to some de- 
gree, direct comparisons of effectiveness cannot be made, except in 
the DPP, where a head-to-head comparison of lifestyle and met- 
formin treatment was made. 

Yet another intervention study (TRIPOD; Troglitazone in the 
Prevention of Diabetes) examined the effect of a thiazolidinedione, 
troglitazone, on the development of T2DM in women with previ- 
ous gestational diabetes.*” Although this trial was stopped prema- 
turely because of the withdrawal of troglitazone from the market, a 
50% reduction in the incidence of T2DM was seen compared to 
the placebo treatment. This trial, therefore, suggests that other thia- 
zolidinedione drugs might also be effective in delaying or prevent- 
ing the onset of T2DM. Such trials have recently been initiated. 

Other pharmacologic agents may also reduce the incidence of 
T2DM. Secondary analyses of the WOSCOPS (West of Scotland 
Cardiovascular Disease Prevention Study)*”4 and the HOPE (Heart 
Outcomes Prevention Evaluations) study*’> suggest that the inci- 
dence of T2DM may be lower in patients receiving a statin, pravis- 


FIGURE 19-15. Results of the Diabetes Prevention Program: diabetes inci- 
dence was reduced in persons with impaired glucose tolerance randomized 


to metformin and to life-style intervention. (Adapted from reference*”') 
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tatin, or ramipril, an angiotensin-converting enzyme inhibitor, than 
among those receiving placebo. Further trials are required to deter- 
mine if this is indeed true. 
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The term diabetes does not denote a single disease entity, but 
rather a clinical syndrome. Fundamental to all types of diabetes is 
impairment of insulin secretion by the pancreatic B cells. Except 
for the B-cell loss that results from known toxins, such as strepto- 
zotocin, alloxan, and the rodenticide Vacor™, and from pancreati- 
tis or surgical pancreatectomy, we lack a full understanding of the 
pathogenic mechanisms leading to diabetes. A major requirement 
for epidemiologic and clinical research and for the clinical man- 
agement of diabetes is an appropriate system of classification that 
provides a framework within which to identify and differentiate the 
disease’s various forms and stages. Although many nomenclatures 
and diagnostic criteria had been proposed for diabetes, no gener- 
ally accepted systematic categorization existed until the National 
Diabetes Data Group (NDDG) classification system was published 
in 1979.' The World Health Organization (WHO) Expert Commit- 
tee on Diabetes in 1980 and, later, the WHO Study Group on Dia- 
betes Mellitus endorsed the substantive recommendations of the 
NDDG.!' These groups recognized two major forms of diabetes, 
which they termed insulin-dependent diabetes mellitus (IDDM; 
type 1 diabetes) and non-insulin-dependent diabetes mellitus 
(NIDDM; type 2 diabetes). However, their classification system 
went on to include evidence that diabetes mellitus was an etiologi- 
cally and clinically heterogeneous group of disorders that share 
hyperglycemia in common. 

It is now considered particularly important to move away from 
a system that appears to base the classification of the disease 
largely on the type of pharmacologic treatment used in its manage- 
ment and toward a system based on disease etiology. An interna- 
tional Expert Committee, working under the sponsorship of the 
American Diabetes Association, was established in May 1995 to 
review the scientific literature since 1979 and to decide whether 
changes to the classification and diagnosis of diabetes were war- 
ranted. The Expert Committee carefully considered the data and ra- 
tionale for what was accepted in 1979, along with research findings 
of the last 18 years, and proposed changes to the NDDG/WHO 
classification scheme.” 

The main features of these changes are as follows. The terms 
insulin-dependent diabetes mellitus and non-insulin-dependent di- 
abetes mellitus and their acronyms, IDDM and NIDDM, were 
eliminated. These terms have been confusing and have frequently 


resulted in classification of the patient based on treatment rather 
than etiology. The terms type 1 and type 2 diabetes are retained, 
with Arabic rather than roman numerals. The class (or form) 
termed type 1 diabetes (T1DM) includes the vast majority of cases 
that are primarily due to pancreatic islet B-cell destruction and that 
are prone to ketoacidosis. This form includes those cases currently 
ascribable to an autoimmune process and those for which an etiol- 
ogy is unknown. It does not include those forms of B-cell destruc- 
tion or failure for which non-autoimmune-specific causes can be 
assigned (e.g., cystic fibrosis). Although most type | diabetes is 
characterized by the presence of autoantibodies that identify the 
autoimmune process leading to B-cell destruction, in some sub- 
jects, no evidence of autoimmunity is present; these cases are clas- 
sified as type 1 idiopathic. The other main class (or form), termed 
type 2 diabetes (T2DM), includes the most prevalent form of dia- 
betes, which results typically from an interaction between insulin 
resistance and an insulin secretory defect. Although the exact 
cause(s) of the insulin resistance and the insulin secretory defect 
are not known, both are strongly genetically determined, and the 
B-cell defect does not have an autoimmune etiology. 

Epidemiologic studies have suggested that the incidence rate 
of TIDM peaks twice, once close to puberty and again around 
40 years of age,’ and it has been suggested that the overall inci- 
dence rate of T1DM is approximately equivalent above and below 
the age of 20 years.” Many of these older patients, especially early 
in the course of their diabetes, are clinically similar to classical 
T2DM patients. This relatively high incidence rate of type | dia- 
betes in adults is often not appreciated, probably because of the 
over 10-told greater frequency of T2DM in this age group. Further- 
more, the finding of antibodies characteristic of TIDM such as islet 
cell antibodies (ICA) and glutamic acid decarboxylase antibodies 
(GADA) in 10-15% of T2DM patients” suggests that in older indi- 
viduals the type | disease process may result in a similar clinical 
phenotype as the type 2 disease process. This subset has been vari- 
ously described as latent autoimmune diabetes in adults 
(LADA),>° slowly progressive TIDM,’ latent T1DM,® late-onset 
TIDM, antibody-positive T2DM, and type 1 diabetes.”'° It is 
believed that the autoimmune P-cell destructive process proceeds 
more slowly than in young patients with T!DM, but this has not 
been carefully evaluated." 
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The earliest accounts of diabetes mellitus, written more than a 
thousand years ago, already took different clinical forms into ac- 
count, and it was suggested in the preinsulin era that the immune 
system might be involved in the development of some forms of di- 
abetes mellitus (for review, see ref. 12). The presence of inflamma- 
tory cells in the islets of Langerhans was later termed “insulitis.”"? 
The significance of this insulitis at the clinical onset of insulin- 
dependent diabetes was first studied in detail by Gepts and 
LaCompte.'* Their work is of fundamental importance to our cur- 
rent understanding of T1DM because it showed that the develop- 
ment of T1DM was associated with immunopathologic abnormali- 
ties. This chapter deals specifically with T1DM. We discuss what is 
known and what is controversial about the natural history and the 
genetic, immunologic, and environmental mechanisms involved in 
the etiology and pathogenesis of T1DM. 


NATURAL HISTORY 


Because this chapter deals with the etiology and pathogenesis of 
TIDM, our discussion of natural history emphasizes events occur- 
ring before the development of hyperglycemia or overt clinical 
TIDM. Because of the acute and dramatic onset of symptoms in 
most patients, it was previously believed that the disease process 
underlying T1DM was acute in nature and consequently that indi- 
viduals were normal or unaffected until shortly before the diagno- 
sis. We now understand that exactly the opposite is usually the 
case: the T1DM disease process has been active and ongoing for a 
long period, usually at least several years, before patients develop 
clinical disease. 

Based on data that were mostly obtained by prospective studies 
of nondiabetic relatives of patients with T1DM, the natural history 
of TI1DM includes the following major components. First, as indi- 
cated, there is a long preclinical period. During this time antibodies 
and T cells reactive with B-cell antigens can be detected, and the 
immunologic attack on the B cells is occurring. Progressive loss of 
B-cell function has been observed months to years prior to the 
onset of clinical TIDM,'> and hyperglycemia after oral glucose 
may antedate the diagnosis of clinical TIDM by periods ranging 
from 3 months to 7 years.’ Investigators in the ongoing Diabetes 
Prevention Trial-Type 1 (DPT-1) have recently detected among a 
cohort of ICA-positive first- and second-degree relatives of T1DM 
subjects, a group of subjects with TIDM who have a different phe- 
notype. These subjects are asymptomatic, have normal or impaired 
fasting glucose, but have 2-hour glucose values >11.1 mmol/L on 
their oral glucose tolerance tests (OGTTs).'” 

Second, at least 80-90% of the functional capacity of the 
B cells must be lost before hyperglycemia occurs. The normal pan- 
creas has a large reserve capacity and this must be depleted before 
clinical T1DM becomes manifest. Because even our most sensitive 
tests of B-cell function remain normal until islet insulin content is 
very low,'* the immune markers of T1DM usually antedate evi- 
dence of B-cell insulin secretory deficiency by a long period. Until 
very recently it was believed that B-cell destruction was the pri- 
mary mechanism responsible for the loss of insulin secretory ca- 
pacity during the preclinical period of TIDM. We now recognize, 
as will be discussed in more detail subsequently, that at least some 
of the impairment in insulin secretion may be functional and due to 
inhibition of insulin secretion by cytokines and possibly other fac- 
tors (reviewed in ref. 19). 


Third, as implied by the insulitis and the presence of antibodies 
and T cells directed against islet antigens, the B-cell lesion is auto- 
immune in nature, and fourth, this autoimmune destructive process 
specifically occurs in genetically susceptible individuals. 

In neonatal rodents, the B-cell mass is believed to undergo a 
phase of remodeling that includes a wave of apoptosis. Using both 
mathematical modeling and histochemical detection methods, 
Trudeau and colleagues” have demonstrated that B-cell apoptosis 
is significantly increased in neonates compared with adult rats, 
peaking at approximately 2 weeks of age. It was also shown that 
increased neonatal B-cell apoptosis is also present in animal mod- 
els of autoimmune diabetes, including both the BB rat and non- 
obese diabetic (NOD) mouse. Recent studies indicate that apop- 
totic cells can display autoreactive antigen in their surface blebs, 
preferentially activate dendritic cells capable of priming tissue- 
specific cytotoxic T cells, and induce the formation of autoantibod- 
ies, thereby challenging the dogma that apoptosis does not elicit an 
immune response.”” Initiation of B-cell-directed autoimmunity in 
murine models appears to be fixed at approximately 15 days of 
age, even when diabetes onset is dramatically accelerated. Taken 
together, these observations have led to the hypothesis that the 
neonatal wave of B-cell apoptosis is a trigger for B-cell—directed 
autoimmunity.”” 

T1DM is not a disease of unbridled B-cell destruction. The 
autoimmune attack on pancreatic B cells has two distinct stages 
(insulitis and diabetes), and progression of the former to the latter 
appears to be regulated. This has been shown in studies in NOD 
mice. Starting around 5 weeks of age, NOD mice develop a progres- 
sive mononuclear cell infiltration in and around the pancreatic islets. 
This infiltrate will eventually evolve into a destructive insulitis in 
those mice progressing to diabetes. By 18-24 weeks of age, most 
female mice are overtly diabetic. When pancreatic islets with in- 
sulitis were isolated from female NOD mice at different ages (5-7, 
8-11, or 12-13 weeks), the islets showed a deficient glucose- 
induced insulin release and defective glucose metabolism that pro- 
gressively worsened with age.) The observed B-cell dysfunction 
showed a close correlation to the seventy of the mononuclear cell 
infiltration and was accompanied by defective glucose metabolism. 
It is not very clear whether humans have such clear-cut stages as in 
the NOD mice. Identifying the factors controlling this transition 
has been difficult because it is a complex process that occurs 
nonuniversally and asynchronously,”* 

A major question pertaining to the natural history of TIDM 
centers around whether the diabetogenic process, once initiated, 
is relentlessly progressive and always culminates in clinical 
TIDM, or whether it is more variable, waxing and waning, and 
sometimes remitting without eventual progression to overt TIDM 
(Fig. 20-1). Whether one or more of the immune markers of 
TIDM are the direct result of the immune attack and B-cell dam- 
age, or possibly are independent of the immune attack, is un- 
known. In the NOD mouse, for example, although insulitis is usu- 
ally considered indicative of the T1DM disease process, it is now 
recognized that insulitis can occur in animals that will not de- 
velop clinical T1DM.”* Therefore, in considering the available 
human data, it is important to remember that changes in immune 
markers may not always be reflective of changes in the immune 
attack on the B cells. ICAs, especially when detected in low titer, 
may fluctuate over time (26); although it was initially believed that 
other antibodies such as insulin autoantibodies ([AAs), GADA’s, 
and insulinoma-associated protein-2 antibodies (IA-2A) vary only 
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FIGURE 20-1. Hypothetical courses of pancreatic function after islet insult. 
Inexorable linear decline in function after islet insult leading to rapid onset 
of clinical disease (- - - -). Multiple islet insults leading to eventual clinical 
disease ( ). Islet insult and recovery, without development of clinical 
disease (— — —). (Reproduced with permission from Greenbaum CJ, Brooks- 
Worrell BM, Palmer JP, Lernmark A: Autoimmunity and prediction of in- 
sulin dependent diabetes mellitus. In: Marshall SM, Home PD, eds. The Di- 
abetes Annual/8. Elsevier: 1994;21.) 


slightly when measured over several years,” more recent data 
show similar fluctuations as for ICA. In nondiabetic individu- 
als with autoantibodies directed against islet antigens, impaired 
B-cell function is very common. A combination of immune mark- 
ers with impaired B-cell function is associated with a greater risk 
of subsequent clinical T1DM than immune markers in combina- 
tion with normal B-cell function. However, impaired B-cell func- 
tion is also common in ICA-negative relatives of TIDM pa- 
tients.** Because less than 20% of these individuals would be 
expected to progress to clinical T1 DM, these observations suggest 
that in many of these individuals the B-cell destructive process 
has remitted. 

In identical twins discordant for diabetes, activated T lympho- 
cytes, ICAs, carbohydrate intolerance, or hyperproinsulinemia are 
more common in those nondiabetic individuals discordant for a 
short time vs. those discordant in the long term.” Furthermore, 
B-cell dysfunction is common in long-term discordant identical 
twins who were ICA-negative at the time of study, but who previ- 
ously had been ICA-positive.*® Previous studies suggested that after 
6 years of discordance, identical twin pairs rarely become concor- 
dant for T1 DM.” With up to 39 years of follow-up from the onset 
of diabetes in the index twin, Verge and colleagues” have deter- 
mined how many discordant twins have evidence of B-cell autoim- 
munity and how many develop overt diabetes. Longitudinal follow- 
up of 23 pairs of identical twins (or triplets) that were selected from 
a total group of 30 pairs because they were discordant for TIDM 
when first ascertained showed that identical twins may develop di- 
abetes after a prolonged period of discordance, and approximately 
two-thirds of long-term discordant twins have evidence of persis- 
tent B-cell autoimmunity and/or B-cell damage. The concordance 
for B-cell autoimmunity, therefore, is much higher than for overt 
diabetes.“ 

It should be stressed that the natural history of preclinical 
T1DM has been described primarily in prospective studies of 
first-degree relatives of TIDM patients, including the German 
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BABYDIAB study,”*"""’ the Diabetes Autoimmunity Study in 
the Young (DAISY),*’~* and the Childhood Diabetes in Finland 
Study.*? * This approach has provided a better understanding of 
the sequence of events preceding the development of hyper- 
glycemia in such individuals. 

The temporal development of autoantibodies has been studied 
in 1353 offspring of parents with TIDM in the German BABY 
DIAB study.*' ICA, IAA, GADA, and IA-2A levels were measured 
at birth, 9 months, 2 years, and 5 years of age. At birth, no offspring 
had islet autoimmunity other than maternally acquired antibodies. 
Antibodies detected thereafter were likely to represent a true 
de novo production, since prevalences were the same for offspring 
from mothers and fathers with diabetes, antibodies detected at 
9 months were almost always confirmed in the 2-year sample, and 
their presence was associated with an increased likelihood of 
having or developing other antibodies. By 2 years of age, autoanti- 
bodies appeared in 11% of offspring, 3.5% having more than one 
autoantibody. IA As were detected most frequently, and few had au- 
toantibodies in the absence of IAAs. Development of additional 
antibodies and changes in levels, including decline of IAAs at older 
age, was frequent. Overall cumulative risk for disease by 5 years of 
age was 1.8% (95% CI 0.2-3.4) and was 50% (95% CI 19-81) for 
offspring with more than one autoantibody in their 2-year sample. 
It was concluded that autoimmunity associated with childhood dia- 
betes is an early event and a dynamic process, that the presence of 
IAAs is a consistent feature of this autoimmunity, and that IAA de- 
tection can identify children at risk. The group further reported that 
the humoral autoimmune response to GAD is initially against epi- 
topes within the middle portion of GAD-65 and spreads to epitopes 
in other regions of GAD-65 and GAD-67"° (see the Autoantibodies 
section below). 

The Childhood Diabetes in Finland Study Group analyzed 747 
children (younger than 15 years of age with newly diagnosed dia- 
betes) for antibodies to GAD, IA-2 protein (IA-2A), insulin (IAA), 
and islet cells. The aim was to evaluate the influence of positivity 
for GADA, IA-2A, IAA, or multiple (3) autoantibodies at diag- 
nosis on the clinical presentation and natural course of the disease 
over the first 2 years and to characterize autoantibody-negative 
patients.” At diagnosis, 73.2% of the children tested positive for 
GADA, 85.7% for IA-2A, 54.2% for IAA, and 72.6% for multiple 
autoantibodies. The patients testing positive for multiple auto- 
antibodies were younger than the remaining children ( p < 0.001). 
A similar age difference was seen when comparing IAA-positive 
and -negative patients (p < 0.001). They further showed that pos- 
itivity for multiple diabetes-related autoantibodies is associated 
with accelerated B-cell destruction and an increased requirement 
for exogenous insulin over the second year of clinical disease, in- 
dicating that multiple autoantibodies reflect a more aggressive 
progression of B-cell destruction. Patients testing negative for 
diabetes-associated autoantibodies at diagnosis seem to have a 
milder degree of B-cell destruction, but their metabolic decompen- 
sation is similar to that seen in other affected children, suggesting 
that they do represent classical T1DM.**"™* Mrena and coworkers*° 
studied a total of 801 families taking part in the Childhood Dia- 
betes in Finland Study and observed that it is possible to grade sib- 
lings of children with newly diagnosed T1DM into categories with 
significant differences in the subsequent risk of clinical TIDM and 
time to diagnosis. Such a classification should become clinically 
useful as soon as effective measures are available for preventing or 
delaying the manifestation of overt TIDM. 
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In the antibody-positive T2DM or the LADA group mentioned 
earlier, although it is believed that the autoimmune B-cell destruc- 
tive process proceeds rather slowly or that the destruction stops at a 
“moderate” stage,'' it is still not clear from the literature whether 
the pathophysiologic mechanism(s) of hyperglycemia is more type 
l- or type 2-related or a combination of both the diabetes disease 
processes. A prospective observation on the natural history of 
the ICA-positive T2DM patients in Japan’ disclosed the character- 
istic findings, which included a late onset, a family history of 
T2DM, a slow progression of B-cell failure over several years with 
persistently positive low-titer ICA, and incomplete B-cell loss. 
Similar presentations have been described in various other coun- 
tries including Australia,° Finland,” New Zealand,“ the United 
States,“ Hong Kong,” Korea,” China,” Mexico, and Sweden.’ 

The typical patient, however, is generally >35 years old (age 
at onset 30-50 years) and nonobese (by lower body mass index); 
the diabetes is often controlled with diet, but within a short period 
(months to years), metabolic control fails, requiring oral agents, 
and progression to insulin dependency is more rapid than in anti- 
body-negative, obese patient with T2DM. The eventual clinical 
features of these patients include weight loss, ketosis proneness, 
unstable blood glucose levels, and an extremely diminished C- 
peptide reserve’**; in retrospect, these subjects possess additional 
classical features of T1DM, i.e., increased frequency of HLA-DR3 
and -DR4, and islet-cell antibody positivity.* 

A number of recent studies have determined ICA, IAA, and 
GADA levels, usually individually, in patients with phenotypic 
T2DM.*>" It has been shown that high GADA levels remain for 
up to 40 years after diagnosis of TDM,” and there appears to be 
an ethnic difference in anti-GAD positivity, with higher frequency 
in Caucasian late-onset T!DM subjects than in adult-onset Asian 
TIDM patients,’ suggesting that the adult-onset diabetes in the 
latter groups is less likely to have an autoimmune component to its 
pathogenesis. Various studies have shown that patients positive for 
anti-GAD and/or ICA have a more rapid decline in C-peptide, fail 
oral agents, and require insulin treatment earlier.°**-°> A recent 
study” showed that the positive rate for anti-GAD was as high as 
23.8% in the nonobese and insulin-deficient patients with sulfo- 
nylurea failure, suggesting that autoimmune mechanisms may play 
an important role in the pathogenesis of secondary failure of 
sulphonylurea therapy. Thus, loss of B-cell function in approxi- 
mately two-thirds of phenotypic T2DM subjects can be predicted 
by anti-GAD and ICA. However, as a result of lower cost and rela- 
tive ease of performance, and the availability of several simple and 
robust assays for anti-GAD,** GAD antibodies may provide a prac- 
tical alternative to ICA assay, particularly in population screening. 
Early detection of these immune markers of B-cell damage creates 
the potential for immune modulation to limit such damage. 

Our current understanding of genetic abnormalities in late- 
onset TIDM is still not clearly elucidated. The associations be- 
tween clinical TIDM and HLA genotype appear in part to be deter- 
mined by age of diagnosis. Patients with onset after age 15 have a 
higher percentage of non-DR3/non-DR4 genotypes than patients 
with childhood T1DM, and those with later onset (>20 years) had 
a lower percentage of DR3/DR4 genotypes and a higher percentage 
of DQ0602.* It appears that the TIDM disease process is more ag- 
gressive, resulting in clinical presentation at a younger age in indi- 
viduals with more susceptibility genes and less protective genes, 
and vice versa, the disease process is less aggressive, resulting in 
clinical presentation at older ages in individuals with less suscepti- 
bility genes and/or more protective genes. 


GENETIC ASPECTS 


Association with HLA 


The association between HLA and TI DM (see Table 20-1 for defi- 
nitions) was first demonstrated for HLA-B8 and/or B15.~” Early in- 
vestigations of these HLA class I molecule specificities were iden- 
tified by antibodies that were specific for individual alleles or 
group of alleles. HLA specificities were traditionally defined by 
serology or by T-lymphocyte proliferation assays such as the mixed 
lymphocyte culture (MLC) tests. Advancing technologies have al- 
lowed a rapid detection of new alleles, and these are now primarily 
characterized at the genomic level by sequence analysis (see ref. 58 
for a detailed review). The HLA molecules have structural similar- 
ities to an array of related molecules (Fig. 20-2). The marked poly- 
morphism now explained by gene sequencing is one distinct fea- 
ture of the HLA complex. Another feature of the HLA class I and II 
molecule genes encoded on the short arm of chromosome 6 is the 
phenomenon of linkage disequilibrium. This means that the fre- 
quency at which certain alleles are found together on the same hap- 
lotype is higher than expected, as calculated from the product of 
their individual gene frequencies. In other words, certain alleles in 
a haplotype tend to be inherited together, because the recombina- 
tion frequency at certain parts of the HLA complex is markedly re- 
duced compared with other parts of the human genome. 

The phenomenon of linkage disequilibrium is important when 
an association between HLA and a disease such as TIDM is ana- 
lyzed.’ *! This approach toward estimating susceptibility to a dis- 
ease differs from that of genetic linkage. The former is based on a 
comparison between patients and unrelated healthy controls.” The 
latter analysis takes advantage of multiple-generation families in 
which a disease is inherited through generations together with a 
given allele. Because of linkage disequilibrium, gene markers in 
close proximity to such an allele would tend to be inherited with 
the disease. Analysis of linkage is also used when investigating sib 
pairs, which is necessary in studying TIDM due to the rarity of 
large, multigeneration families.“ It is critical to the understand- 
ing of TIDM etiology that the majority of new patients do not 
have a first-degree relative with the disease. It has therefore been 
extremely complicated to determine the mode of inheritance of 
TIDM. 

Lifetime risks for TIDM (Table 20-2) in first-degree relatives 
of an individual with T1DM have been calculated to be about 3% 
for parents, 7% for siblings, and 5% for children.™ A recent study 
including patients at an older age at onset and a longer follow-up 
than in previous studies indicated that 25% of TIDM patients had 


TABLE 20-1. Nomenclature and Abbreviations for HLA Molecules 


MHC Major histocompatibility complex 

MHC molecules Proteins encoded on the short arm of chromo- 
some 6; these proteins are involved in various 
functions of the human immune response 

The heavy chain (M, 43,000) is encoded in the 
HLA-A, -B. and -C loci; the light chain is 
B2-microglobulin, coded for on chromosome 9 

A dimer composed of two transmembrane poly- 
peptide chains (a and B) with M, 34,000 and 
29,000, respectively 

Plasma proteins such as C2 or C4, or cytokines 
such as tumor necrosis factor (TNF) a and B 


Class I molecules 


Class IT molecules 


Class ITI molecules 
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FIGURE 20-2. Schematic structures of proteins in the “immunoglobulin superfamily.” (Adapted with permission 
from Kaufman JF, Auffray C, Korman AJ, et al: The class H molecules of the human and murine major histocom- 


patibility comples. Cell 1984;28:891.) 


at least one affected sibling. Interestingly, about 50% of the second 
siblings developed TIDM more than 10 years after the first af- 
fected sibling.” The lifetime recurrence risk for siblings from time 
of birth up to 30 years of age was 6%, which increased to 10% at 
60 years of age. Studies of families with multiple affected members 
have shown that the occurrence of TIDM is 16% if the parent or 
sibling shares both HLA markers with the proband (HLA identi- 
cal), 5% for one HLA marker (HLA haploidentical), and 1% or less 
for HLA nonidentical.*”*' Although these and other studies have 
failed to clarify the mode of inheritance of T1DM, it is generally 
held that the HLA types mark genetic susceptibility or risk of de- 
veloping the disease. This conclusion is based on the calculation of 
odds ratio or relative risk (RR). This calculation is simply an ex- 
pression of how often an HLA allele or haplotype occurs in a sam- 
ple of patients compared with controls. The data may reveal a pos- 
itive association (interpreted as susceptibility), no association or 
neutral, or a negative association (interpreted as protection). Cer- 
tain HLA-DR specificities, such as DR2 (67) or HLA haplotypes 
such as DQBI*0602-DQA1*0102 (DQ6.2), are rarely found 


TABLE 20-2. Lifetime Recurrence Risk of Type 1 Diabetes 
Age at Onset of Proband 


Age-corrected Empirical Risk of 


Type I Diabetes < 25 Years 2 25 Years 

A. Parents 2.2 + 0.6% 4.9 + 14% 
Siblings 6.9 + 1.3% 5.8 + 1.8% 
Children 5.6 + 2.8% 4.3 £2.2% 

B. HLA-identical siblings 15.5% ND 
HLA-haploidentical siblings 4.9% ND 
HLA-nonidentical siblings 1.2% ND 

C. Identical twins 25-50% ND 


ND. not determined. 


among young TIDM patients,“* although the frequency of the 


haplotype among patients increases with age of diagnosis of dia- 
betes.’° The association with the disease is negative, which is inter- 
preted as protection from T1DM. The mechanisms are not fully un- 
derstood but may be related to a difference in binding of peptides 
from autoantigens such as GAD.”! 

Typing sera defined by international workshops for the sero- 
logically defined HLA-DR (R for related) specificities showed that 
the increased frequencies of B8 and B15 were most likely second- 
ary to increased frequencies of DR3 and DR4 because of the link- 
age disequilibrium between B8 and DR3 and between B15 and 
DR4, respectively.” This concept is important for the discussion 
that follows. Statistical analyses°’ demonstrate that T1 DM patients 
with HLA-B8 are more often HLA-DR3-positive than healthy 
HLA-B8 positive controls. These analyses suggested that the DR 
locus was indeed closer to a putative risk gene for TIDM than the 
locus coding for the HLA-B specificities. In children or young 
adults, the overall findings are that >90% of TIDM patients were 
positive for DR3, DR4, or both compared with 60% of the controls. 
It was also found that among Caucasians as many as 35-40% of 
TIDM patients were DR3/4 (heterozygotes). The calculation of 
RR or absolute RR for the heterozygous combination DR3/4 ex- 
ceeds the sum of the RR for DR3 and DR4 either as a homozygous 
specificity or in association with any other DR type. Monozygotic 
twins concordant for TIDM showed an increased frequency of 
DR3/4 heterozygosity.’ 

Proliferative responses to cloned T lymphocytes in a primed 
lymphocyte test (PLT) indicate that DR4 has at least six sub- 
types—Dw4, Dw10, Dw13, Dw14, Dw15, and a Dw-blank speci- 
ficity. The DR4 specificity is determined by the DRB1 locus.” Al- 
though some controversies exist,”’ most investigations have shown 
the Dw4 subtype to be associated with TIDM.® Dw10 was also 
found to be associated with T1DM, whereas Dw13, Dw14, Dw15, 
and the blank allele were not.” Cellular typing was rapidly super- 
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seded by molecular techniques after the cloning of DR and DQ A 
and B genes (for a review, see refs. 60 and 61). Polymerase chain 
reaction (PCR) analyses with rapid sequencing are widely used.”° 
These tools make it possible to relate T-cell responses or antigen 
presentation to different alleles, haplotypes, or genotypes of DR 
and DQ and to determine the importance of these cellular re- 
sponses in the pathogenesis of TIDM. 

The HLA class II molecules are central to the human immune 
response because they present peptide antigens to T-helper (CD4- 
positive) cells (for review, see ref. 77). It is therefore a reasonable 
hypothesis that HLA class II molecules associated or linked to 
TIDM may present peptides that are diabetogenic.***'”* Peptide 
binding is diverse and variable because there is marked polymor- 
phism of both class I and II molecules. This is of particular impor- 
tance because class II molecules are dimers composed of one a and 
one B chain (Fig. 20-2), each coded by a separate gene, and het- 
erodimers can form in heterozygous individuals.” For example, 
the chromosome inherited from the mother (m) would transcribe 
an a chain (am) and a B chain (bm). The same transcriptions events 
would take place on the chromosome from the father (p), resulting 
in ap and bp. The class H molecules that may be formed therefore 
represent ambm, ambp, apbm, or apbp (Fig. 20-3). It is possible 
that disease-associated class II molecules are formed because of 
trans-complementation events. These events may be positively as- 
sociated with the disease, such as in individuals with certain 
DR2/DQ6.2-containing haplotypes, or negatively associated in in- 
dividuals heterozygous for DQBI*0302 and DQB1*0602.°70% 

Although DR4 and DR2 are composed of several closely re- 
lated subtypes, DR3 appears to be more homogeneous.** Compil- 
ing the results of a large number of studies, the frequency of DR3 
among Caucasian T!1DM patients amounts to nearly 60% (range, 
20-91%), compared with 22% (10-32%) among healthy con- 
trols.°”*! The overall RR was 3.4. It is remarkable that the RRs of 
DR3 in Japan and China (34% in patients and 17% in controls) and 
among African Americans (57% in patients and 28% in controls) 
were similar (3.4 and 3.2, respectively). This was also similar to 
Caucasians (3.4%), even though the absolute frequency of DR3 
varies substantially depending on ethnicity. MLC or PLT failed 
to reveal additional subtypes of DR3 and/or Dw3.*' In contrast, a 


FIGURE 20-3. The location of DQB1 and DQA! genes on paternal (p) and 
maternal (m) chromosomes. Possible HLA-DQ class II molecules that may 
be formed in cis and trans-complementation are indicated. (Reproduced 
with permission from Kockum et al.) 
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subset of DR3-positive T1DM patients who, in a PLT test, reacted 
differently from DR3 controls (31% of patients compared with 8% 
of controls) has been reported.*? The DR3 specificity is encoded by 
the DRB1*0301 gene, which is in linkage disequilibrium with the 
DQA!*0501-B1*020! (DQ2) haplotype. The role of DQ2 in 
TIDM is unclear, especially as it has been found that DQ2 is posi- 
tively associated with TDM primarily in the presence of DQ8.*° 

Recent advances in molecular genetics have allowed detailed 
studies of the genes that code for the HLA class II molecules in- 
cluding their precise chromosomal location, nucleotide sequences, 
and transcriptional regulation. In fact, the entire HLA class II re- 
gion has been sequenced, and bioinformatic details are available at 
http://www.anthonynolan.org.uk/HIG/index.html. PCR-based 
HLA typing has revolutionized not only HLA typing for transplan- 
tation, but also studies of disease associations.” Knowledge of the 
nucleotide sequence permits a derivation of the expected amino 
acid sequence of the individual class II molecules. A schematic 
map of the HLA-D region of human chromosome 6 is shown in 
Fig. 20-4. The reader is referred to refs. 77 and 83 for reviews of 
the molecular genetics of HLA (Fig. 20-4). The molecular cloning 
and expression of class II molecules made it possible to determine 
the structure of these protein complexes,**** and molecular models 
are shown in Fig. 20-5. The molecular cloning of these genes has 
also made it possible to define their functions in vitro by gene 
transfection studies or in vivo by the production of transgenic mice. 
The size of the HLA-D region has been estimated to be as large as 
1.1 X 10° bp.** The DQ and DR subregions are harbored within 
450 x 10° bp. The current order of known genes from the cen- 
tromere toward the telomere is illustrated in Fig. 20-4. Each one of 
the genes, referred to as A and B genes and coding for the a and 
B chains, respectively, has been cloned and sequenced. Genomic 
HLA typing by PCR analyses (Table 20-3) made it possible to test 
the hypothesis that genetic determinants other than DR explained 
the association between HLA and TIDM. Evidence that DQ is 
closer to TIDM than DR was first obtained by restriction fragment 
length polymorphism (RFLP) analysis,*’ followed by direct cDNA 
sequence analysis,”® and was confirmed in numerous investigations 
by allele-specific PCR analyses.***” 

As indicated previously, DR4 is a broad serologic specificity 
now explained by several DRB1 alleles such as DRB1*0401, 
DRBI*0402, and DRBI*0403.** Due to linkage disequilibrium, 
these DR4 subtype alleles are commonly inherited with only a lim- 
ited number of HLA-DQ alleles, as summarized in Tables 20-3 and 
20-4. Although DRB1*0401 and DRB1*0405 were strongly asso- 
ciated with TIDM, DRB1*0403 was found to be protective. It 
is therefore possible that antigen presentation by different HLA-DR 
or DQ molecules may make variable contributions to T1 DM risk. 

Taken together, the currently available data suggest that certain 
DQ alleles are more closely associated with T1DM than the associ- 
ated DR alleles. Data produced by several investigators suggest 
that among DR4-positive individuals the DQ8 specificity confers 
the highest risk for TIDM. This risk may, however, be modulated 
by different DRB1*04 subtypes.*°°° Comparing the DQ B-chain 
gene sequences between TIDM patients and controls, Todd and 
coworkers™ suggested that susceptibility or resistance to disease is 
conferred by the amino acid in position 57, as aspartic acid (Asp) 
in position 57 was rarely seen among diabetic patients. Asp is only 
one of four polymorphic residues at position 57 of the DQ B chain. 
The presence of Asp57 in negatively associated HLA-DQ alleles 
resulted in a simplified view of susceptibility and protection based 
on this single amino acid.*****' Several investigations have since 
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FIGURE 20-4. Schematic map of the HLA region of chromosome 6. The major loci are shown for a paternal (p) 
and maternal (m) chromosome. The loci between DP and DR are amplified to indicate the location of currently 


known genetic factors in the HLA class II region. 


failed to support this popularized hypothesis. For example, a ma- 
jority of Chinese” and Japanese” patients are Asp57-positive on 
DQ4 and DQ9, which are positively associated with TIDM in 
these ethnic groups. Other transracial studies”* indicated that 
transcomplementation permits the formation of TIDM -permissive 
DQ heterodimers despite the presence of DQB1Asp 57. Studies in 
high-incidence countries such as Norway, Sweden, and Finland 
demonstrate that 2-3% of T1DM children are homozygous Asp57- 
positive. ”? 

The Asp57 hypothesis was subsequently modified to include 
the DQA] locus, and Arg52 of DQA1 was suggested to be a criti- 
cal residue.*** Several investigators have used DQB1 Asp57 and 
DQAI Arg52 to calculate RR. These analyses show that DQB1 
non-Asp57 and DQA! Arg52 in homozygous combination only ac- 
counted for 47% of Swedish TIDM patients compared with 7% of 


FIGURE 20-5. Hypothetical Suucture of the HLA Class Hl Molecule For- 
eign Antigen Binding Site. (Reproduced with permission from Bjorkman 
PJ, Saper MA, Samraou B. Structure of the human class I histocompatibil- 
ity antigen, HLA A2. Nature 1987;329:506.) 


controls. All other combinations were neutral or negatively associ- 
ated with TIDM. Not even combining these two polymorphic 
amino acids would fully explain susceptibility to TIDM. Position 
57 is predicted to be at the far right of the lower a helix in Fig. 20-5. 
However, about 5% of TIDM patients have been found to be posi- 
tive for DQw7, which has Asp in position 57.°"?!"* It is therefore 
impossible for susceptibility or resistance to T1DM to be conferred 
solely by this particular amino acid residue. 

Large population-based investigations provide sufficient statis- 
tical power for the association between HLA and TIDM to be crit- 
ically analyzed. A genetic factor in the HLA region that totally con- 
trolled the development of diabetes would be expected to be 
present among all (100%) patients. The frequency of this factor in 
the healthy control population would be expected to be signifi- 
cantly lower, but not necessarily to the level of disease prevalence 


TABLE 20-3. Caucasian HLA Haplotypes 


DQBI DQA]1 DRB 
0201 (DQ2) 0501 3 
0201 (DQ2) 0201 7 
0301 (DQ7) 0301 4 
0301 (DQ7) 0501 5 
0302 (DQ8) 0301 4 
0303 (DQ9) 0201 7 
0303 (DQ9) 0301 9 
0402 (DQ4) 0401 8 
0501 (DQ5) 0101 l 
0502 (DQ5) 0102 2 
0503 (DQ5) 0101 6 
0601 (DQ6) 0103 2 
0602 (DQ6) 0102 2 
0603 (DQ6) 0103 6 


0604 (DQ6) 0102 6 
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TABLE 20-4. Genotypes and Haplotypes Associated 
with Insulin Dependent Diabetes Mellitus (IDDM) 


Association with IDDM 


Positive Negative 
E GENOTYPES 
DR DR4 DR2 
DR3 
DQAI 0301 0102 
DQB1 0302 0602 
0501 


@ HETEROZYGOSITY 
Positive association 


DQ-DR heterozygotes 

DQ 2/8 > DQ 8/8 > DQ8/DQB 1 *0604- 
DQA1*0102 

DQ 6/6 > DQ 6/8 > DQ6/2 

DQ-DR haplotype 

DQB!1*0302-DQA1*0301(DQ8)-DR4 

DQB1*0201-DQA1*0501(DQ2)-DR3 

DQB1*0602-DQA 1*0102(DQ6)-DR2 

DQB*0301-DQA1*0301(DQ7)-DR4 


Negative association 
E HAPLOTYPES 
Positive association 


Negative association 


itself. Studies in identical twins’ and in families” suggest that the 
genetic factors may only account for 30-40% of disease suscepti- 
bility, the rest probably being the environment. Among the genetic 
factors, linkage analysis suggests that HLA contributes 60%.” 

The major question is whether HLA-DQ is the final answer. To 
answer this question, studies were conducted on both populations 
and families including sib-pair analyses” using a variety of statis- 
tical tests and models to estimate risk. First, individual alleles 
may be considered, such as DQB1*0302, which is positively asso- 
ciated with TIDM, or DQB1*0602, which is negatively associated 
with TIDM (Table 20-4). The association between HLA and 
T1DM with the DQB1 alleles therefore would take into account 
one-half of the HLA-DQ class II molecule (Fig. 20-2), and a func- 
tional consequence that controls TIDM development needs to be 
identified. The same reasoning is applicable to the many different 
known alleles of DQAI. It is noted in this respect that most 
Japanese TIDM patients are DQA1*0301 positive, the same as 
Caucasians.” Second, the Asp-Arg model? would represent the 
other approach in which amino acid polymorphisms in the DQB1 
and DQAI alleles, respectively, are used to estimate risk. As indi- 
cated, this approach is not sufficient to explain TIDM susceptibil- 
ity. Third, disease susceptibility is estimated based on the DQB1- 
DQA1 haplotype. The hypothesis is that the entire DQ class II 
molecule is more predictive of susceptibility to TIDM than either 
DQ chain alone or single amino acids such as DQB! non-Asp57 
and DQA Arg52. Analyses of population-based families suggest 
that the order of fit is DQB-DQA > DQB! > DQBI-Asp57/ 
DQAI Arg52.™ There is no evidence that DQB1*0302 was more 
strongly associated with TIDM than DQA1*0301. In conclusion, 
TIDM susceptibility and protection are probably controlled by the 
expression and function of HLA-DQ class H molecules. The mech- 
anisms may be specific peptide binding to the groove illustrated in 
Fig. 20-5 and selective initiation of an immune response, perhaps 
to a T1DM-associated autoantigen such as GAD-65, insulin, or 
IA-2. 

The DQB-DQA molecules that may be formed following 
either cis- or trans-complementation are illustrated in Fig. 20-3. 
Functional studies on peptide loading, binding, and presentation to 
T lymphocytes are in progress to explain the mechanisms by which 


HLA-DQ may control T1DM.”!*? Ithas been shown that DQB-DQA 
heterodimers are able to present peptides of GAD-65 and insulin, the 
two major autoantigens in TIDM (discussed later). In humans, 
T-cell responses restricted by HLA-DQ or HLA-DR and dependent 
on antigen presentation of GAD-65 have been reported.” 

The sequencing of the HLA-DR-DQ-DP region (Fig. 20-4) has 
identified a number of novel genes. Their products have been 
shown to fulfill distinct mechanisms in the antigen-presentation 
pathways for both class I and II molecules. The region between DQ 
and DR is sufficiently large to harbor yet other genes. It is therefore 
still possible that the DQ-DR association with T1DM is secondary 
to yet other genetic factor(s). Sequence analysis of the DQB1*0302 
and DQB1*0301 promoter regions has indicated base pair differ- 
ences that may control rates of transcription of these molecules. 
Such upstream sequences are important to explore because they 
often control tissue-specific expression. Sequence analysis com- 
bined with functional analyses should make it possible to map the 
location of putative susceptibility gene loci by comparing absolute 
RRs with the location on the chromosome. Given the extent or 
the size of the HLA-D region, it cannot be excluded that genetic el- 
ements other than those coding for HLA class II proteins may con- 
fer susceptibility to disease. This is exemplified by the observation 
that congenital severe combined immunodeficiency is linked to 
flanking sequences that control gene expression. "°! 

The HLA class II molecules restrict the immune response to 
extemal antigens, and they are thought to contro! the development 
of nonresponsiveness or tolerance to self-molecules.’’ Nonrespon- 
siveness to self may primarily be maintained by T-cytotoxic, regu- 
latory, or suppressor cells. These cells are also dependent on anti- 
gens presented by class II molecules. It is conceivable that HLA 
association to disease, including T1 DM, is primarily related to mech- 
anisms of protection or nonsusceptibility.”” Studies on the ability 
of antigen-presenting cells (APCs) to stimulate T-cell proliferation 
in response to B cells'” or specific B-cell autoantigens such as in- 
sulin, [A-2, or GAD-65 may help to resolve these issues. 

DR3 specificity is most commonly found in association with 
DR4 because HLA-DR3/4 heterozygotes may comprise as many as 
35-45% of TIDM children or young adults.°”!°? As pointed out 
previously, the DQ locus on DR3-containing chromosomes varies 
less than the DQ associated with DR4. It is therefore likely that a 
function of DR3-DQ2 class II molecules influences the pathogene- 
sis of TIDM. In patients with T!1DM, DR3 has been associated 
with low immune responsiveness to insulin, '™ as well as to mumps 
and coxsackievirus B4, but not to varicella-zoster or purified pro- 
tein derivative (PPD) of tuberculin. 0! In contrast, DR4 was as- 
sociated with an increased T-cell proliferative response to mumps 
and coxsackievirus antigens. 

These studies need to be confirmed because it is unclear why 
the two DR types, which are both strongly associated with T1DM, 
would show opposite effects on antigen-specific T-cell prolifera- 
tion. One possibility is that DR3, DR4, or both are only in linkage 
disequilibrium with DQ and that the observations regarding 
mumps and coxsackievirus are not predictive of T1DM. Another is 
that DR3 is associated with attenuated immune function, such as 
removal of immune complexes, which promotes DR4-mediated 
stimulation of autoreactive T cells and autoantibodies. It is possible 
that such reactions would either initiate or potentiate an already 
established immune reaction toward the B cells. It should also be 
kept in mind that the HLA class II molecules control both T-helper 
and T-regulatory cell mechanisms.” Whether the development of 
TiDM is dependent on helper cells, regulatory cells, or both is un- 
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known. The former would seem to require an active immunization 
with an immunogen from the islets directly or a mimicking B-cell 
antigen to give rise to an immune response toward the B cells. The 
latter scenario has been invoked based on evidence that there are 
sequence homologies between GAD-65 and coxsackie B4,'8 
GAD-65 has also been used in experiments to test whether HLA 
class II molecules control the development of TI1DM by their abil- 
ity to present GAD-65 peptides.'°:''° In addition, investigations 
with GAD-65, coxsackie B4, and peptides of each protein allow a 
test of the hypothesis that molecular mimicry may initiate autoim- 
munity but only in certain HLA-susceptible individuals. 

The particular proneness to develop TIDM among HLA- 
DR3/4 DQ-2/8 positive individuals remains to be explained. It 
has been speculated!"' that the formation of trans-complementa- 
tion HLA class II molecules explains the markedly increased 
risk of DR3-DQ2 and DR4-DQ8 together (Fig. 20-3). Trans- 
complementation HLA-DQ molecules have been demonstrated in 
DR3/4-positive IDDM patients.''' The role of such class II mole- 
cules in cell-cell interaction, antigen processing, and presentation 
is currently not known. The specific amino acid sequence of the a 
and B chains may determine in part their ability to form such het- 
erodimers.”” Reagents such as monoclonal antibodies''® or anti- 
bodies against synthetic peptides,’'? which are able to detect a and 
B chains of defined specificities, should help clarify the presence 
and functional capacity of cis- and trans-complementation mole- 
cules in the human immune response. 

One possible mechanism to explain cell-specific autoimmunity 
would be if the target cell was able to express HLA class II mole- 
cules. It is conceivable that cell-specific self-antigens could be pre- 
sented by the target cell itself and could thereby induce an immune 
response by activating appropriate T lymphocytes. Class II mole- 
cules are rarely expressed on nonlymphoid cells. The first evidence 
of aberrant expression was obtained in skin cells of mice with 
graft-versus-host disease. In organ-specific autoimmunity, thyroid 
cells may express class II molecules in thyroiditis-affected 
glands.''* In vitro studies indicated that it was possible to induce 
class II expression by mitogens’ '* or cytokines such as interleukin- 1 
(IL-1), IL-2, interferon-y (INF-y), or tumor necrosis factor (TNF) 
in both thyroid and islet cells.''® Studies in the NOD mouse and the 
BB rat failed to reveal class IT expression on ß cells, but such ex- 
pression was found on endothelial cells and on infiltrating 
mononuclear cells.''’ The detection of class II-positive B cells in a 
newly diagnosed patient evaluated by immunocytochemistry!'* 
could not be confirmed in other patients.'? Aberrant class II expres- 
sion in human 8 cells''* has also been questioned by the observa- 
tion that at least some of the islet class II-positive cells are 
macrophages containing insulin granules due to phagocytosis of 
B cells that have undergone apoptosis. !!°:'2° 

The hypothesis of aberrant expression of class II molecules in- 
ducing an autoimmune response was also tested in transgenic 
mice.'?!'?? In these experiments the class II molecule a- and 
B-chain genes have been inserted into the mouse genome and ex- 
pressed in the B cell under control of the insulin gene promoter. 
This aberrant class II expression does not induce insulitis. Hyper- 
glycemia may develop, due presumably to interference with insulin 
biosynthesis.'*!!”? Furthermore, islet B cells expressing class II 
molecules isolated from the pancreas of transgenic mice were un- 
able to present antigen to induce specific T-lymphocyte re- 
sponses.'*? These studies suggest that aberrant class II antigen 
expression on B cells per se does not induce an inflammatory re- 
sponse. In contrast, expression of the IFN-y gene under control of 
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the insulin gene promoter was associated with the development of 
both hyperglycemia and insulitis.!?' Similarly, transgenic mice ex- 
pressing IFN-a in the B cells develop insulitis and diabetes, indi- 
cating the possible importance of this cytokine in a pathogenetic 
immune response.'** [L-1 transgenic mice did not develop insuli- 
tis or diabetes, similar to IL-10-producing transgenic mice.” A 
backcross of the IL-10 transgene onto NOD mice resulted in an ac- 
celeration of the TI DM. Therefore, current experimental evidence 
does not support the hypothesis that aberrant class IJ expression on 
target B cells can initiate insulitis, but it does support the possibil- 
ity that the expression of class I and II molecules within the islet is 
influenced by the presence of cytokines. 

The process of generating endogenous immunogenic peptides 
is poorly understood. Several genes clustered in the MHC class II 
region (Fig. 20-4) are thought to be involved in the generation and 
transport of endogenous immunogenic peptides for MHC class I 
molecules." The transporter-associated peptide genes TAP 1 and 
TAP 2, which are located between HLA-DP and HLA-DQ, encode 
the heterodimeric protein complex responsible for transporting en- 
dogenous peptides from the cytosol to the lumen of the endoplas- 
mic reticulum (ER). Two other genes, LMP 2 and LMP 7, also lo- 
cated between HLA-DP and HLA-DQ, interdigitating between the 
TAP | and TAP 2 genes, are believed to be involved in the genera- 
tion of peptides in the cytosol. These proteosome subunits are pres- 
ent in both cytoplasm and nucleus and generate, through multiple 
protease specificities, a great diversity of short peptides of different 
lengths.'*’ The gene products of these four genes are members of 
the adenosine triphosphate (ATP)-binding cassette (ABC) super 
family. The proteosome subunits LMP 2 and LMP 7 are not essen- 
tial for the generation of antigenic peptides, because cell lines defi- 
cient in these subunits present peptides to T cells.'** 

Each TAP gene encodes an approximately 75-kd IFN-y- 
inducible protein. The functional transporter consists of either a 
heterodimer or some combination of the TAP I and TAP 2 pro- 
teins.” In TAP 1, two polymorphic residues at position 333 (Ile 
for Val) and 637 (Asp for Gly), generate four possible alleles. TAP 
1A is the most common allele followed by TAP 1B and TAP IC. In 
TAP 2, four polymorphic residues at position 379 (Ile for Val), 565 
(Ala for Thr), 665 (Ala for Thr), and 687 (stop codon for Gin) 
allow the formation of eight possible alleles. TAP 2A is the most 
common followed by TAP 2B and TAP 2C. The TAP-2 allele 0101 
was positively associated, and TAP-0201 negatively associated, 
with TIDM, whereas TAP-1 did not show any significant associa- 
tion. However, the TAP allele association with TIDM was lost 
when HLA-DR-DQ-matched patients and controls were com- 
pared, ™!?! and therefore the effect of the TAP gene was most 
likely due to linkage disequilibrium. 


Association with Other Genes on Chromosome 6 


The genes for TNF-a and TNF-B are also located in the MHC re- 
gion (Fig. 20-4). Both genes have polymorphisms associated with 
TIDM'” Although TNF-B alleles differ between HLA-DR- 
matched Caucasian TIDM patients and controls,'** this was not 
found in North Indian Asians, suggesting that TNF-B does not di- 
rectly predispose to TIDM.'*? The genes for heat shock protein 
(HSP) are also located in the MHC region. The increased frequency 
of an HSP70-2 9.5-kb Pst fragment among T1DM patients com- 
pared with controls was explained by linkage disequilibrium with 
DR3.'* Consistent with this conclusion is the observation that 
Japanese TI DM patients do not show an association with HSP70.'*° 
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The properdin factor B (Bf) F1 allele has been reported to be 
increased among T1DM patients compared with controls, but only 
among 5-25% of the patients.!°° BfF1 was not increased among 
DR3/4 TIDM patients compared with DR3/4 controls, suggesting 
that the Bf association was secondary to the DR association.'*” The 
two complement genes C4A and C4B also showed associations 
with T1DM.'** The data in one study suggested that the association 
of C4A3 and C4B3 was independent of the HLA-DR associa- 
tion.” However, the risk conferred by the C4 genes is lower than 
that conferred by the DR or DQ class II genes. 


Association and Linkage with Chromosome 11 


Sequence analysis of the human insulin gene revealed the presence 
of upstream (5’-flanking) variable-number tandem repeat (VNTR) 
sequences.'*° Although the function of VNTRs is unknown, nu- 
merous studies have been carried out to test whether the large com- 
pared with small repeat sequences were associated with T1- or 
T2DM.'™” Although an association with TZ2DM was eventually ex- 
cluded, the TIDM association was reproducible in several ethnic 
groups.’“° Exploration of other polymorphic sites in and around the 
insulin gene also revealed an association but no genetic link- 
age.™?®™!4 Although the TIDM VNTR was transmitted preferen- 
tially to DR4-positive diabetic offspring in multiplex families,'*! 
there was no difference in frequency among DR4-positive and- 
negative patients, suggesting that the susceptibility conferred by 
the insulin gene is independent and nonsynergistic with HLA sus- 
ceptibility.'*’ Additional insulin gene polymorphisms have been 
detected by sequencing patient and control haplotypes. !“'? Poly- 
morphisms in the 5’-flanking region of the insulin gene’??? were not 
found to be directly associated with TIDM because these markers 
were present on haplotypes that were either associated or not with 
T1DM.'* It was suggested that the size variation of the VNTR at 
the 5’ end of the insulin gene could have a direct effect on the in- 
sulin gene regulation. '*? The short class 1 VNTR alleles (26-63 re- 
peats) predispose to TIDM, whereas class III alleles (140-210 
repeats) have a dominant protective effect. When expression of in- 
sulin in human fetal thymus was examined, it was found that class 
III VNTR alleles were associated with two- to threefold higher 
proinsulin mRNA levels than class I.'**'4* It was suggested that 
higher levels of thymic insulin expression may facilitate immune 
tolerance induction as a mechanism for the dominant protective ef- 
fect of class III alleles. 


Association with Immunoglobin Genes 


The mechanisms by which human immunoglobulins are geneti- 
cally encoded and synthesized are known.'** Prior to detailed 
analyses of the molecular genetics of the immunoglobulin gene 
heavy and light chains, it was tested whether certain allotypes of 
the immunoglobulin genes such as Km (light chain) and Gm 
(heavy chain) were associated with T1DM or linked to the disease 
in family studies (Table 20-5). The results have been controver- 
sial.'4”""* The allotype Glm(1) was reported to be increased among 
DR3/4 patients compared with controls." An interaction between 
immunoglobulin allotypes and T-cell receptor genes was also re- 
ported,'*° and in a sib-pair analysis there was an HLA-dependent 
increase in sharing Gm phenotypes,'"! although other studies failed 
to detect linkage. '*? 

Taken together, the data suggest that although Gm and Km al- 
lotypes do not provide direct disease susceptibility, they may inter- 
act with sex, age, and/or the HLA genes to influence susceptibility. 


TABLE 20-5. Candidate Type 1 Diabetes Susceptibility Loci 
Identified by Linkage Analysis 


Locus Chromosome Candidate Genes or Microsatellites 

IDDM I 6p21.3 HLA (DQAI, DQB1, DRB!) 

IDDM2 11p15.5 INS-VNTR, TH 

IDDM3 15q26 D15S107 

IDDM4 11q13.3 FGF3, D11S1917. MDU1, ZFM1, RT6, 
ICE, CD3. etc 


IDDMS 6q25 ESR, a046Xa9, MnSOD 


IDDM6 18q12-q21 D18S487, D18864, JK (Kidd locus) 
IDDM7 2q31-33 D2S152, D2S326, GAD] 

IDDM8 6q25-27 D6S281, D68264. D6S446 

IDDM9 3q21-25 D3S 1303 

IDDM10 10p11-q11 D10S193, D10S208, GAD2 
IDDM11 14q24.3-q31 D14S67 

IDDM12 2q33 CTLA-4, CD28 

IDDM 13 2934 D2S137, D2S164. IGFBP2, IGFBP5 
IDDM 14 Not assigned Not assigned 

IDDMI15 6421 D6S8283, D6S434, D6S1580 


It should be kept in mind that the Gm system is a marker for the 
constant region genes and that variable (V) region gene markers, 
which are now available as cloned gene probes, may be more likely 
to detect hypothetical polymorphisms associated with TIDM or 
other autoimmune disorders. The possible genetic control of anti- 
body formation by HLA also needs to be analyzed, because it was 
reported that the immunoglobulin allotype association was ob- 
served in HLA-DR4 positive individuals only. 


Association with T-Cell Receptor Genes 


The T-cell receptor (TCR) is a heterodimer composed of an a and a 
B chain (Fig. 20-2). The genes for these two chains have been 
cloned and sequenced; the B chain is coded for on chromosome 7. 
Two additional genes for T-cell receptor chains, ò and y, have re- 
cently been described. The TCR expressed on helper CD4 T lym- 
phocytes recognizes foreign peptides in the context of HLA class II 
molecules, whereas cytotoxic CD8 T lymphocytes have TCR that 
recognizes foreign peptides in the context of HLA class I mole- 
cules (for review, see ref. 153). 

The mechanisms by which TCR is formed or expressed in re- 
sponse to external or internal (autoantigen) antigens are not known. 
In autoimmunity, is it possible that the TCR involved in activities 
of the different types of T cells is derived from a limited number of 
specific variable (V) a- or B-gene sequences? Studies in the spon- 
taneously diabetic NOD mouse and BB rat have so far failed to de- 
tect a preferential usage of VB or Va genes.'™ A preferential use of 
VB was reported in experimental autoallergic encephalomyelitis 
(EAE).'* This information is of particular interest because mono- 
clonal antibodies against this specific TCR may be used to specifi- 
cally deplete T lymphocytes expressing this particular TCR and 
thereby inhibit an immune response and prevent autoimmune dis- 
ease.'** Given the complexity of the TCR genes and their transcrip- 
tion and translation to form TCR, it is not surprising that current 
results on disease association in different ethnic populations are 
contradictory. Early reports showed that the heterozygotes of 
the TCR-B Bgl II RFLP were increased among TIDM patients 
compared with controls.'*° Later studies failed to detect this asso- 
ciation.'*’ There was no linkage between TIDM and TCR-CB.'™* 
There is one report suggesting that the TCR-C association is de- 
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pendent on the immunoglobulin heavy-chain region genes, as the 
distribution of TCR-CB differs between patients with G2m(23+) 
or G2m(23—), as well as between G3m(5+) and G3m(5—).'° 
Recently, a polymorphism in the TCR-CA but not TCR-VA gene 
was associated with TIDM, in particular among DR3 and DR4 
individuals.'®? In further studies to determine the possible role of 
autoantigen-specific TCR in the development of T1DM, the crys- 
tal structure of the NOD mouse J-Ag7 HLA-DQ homolog was de- 
termined as a complex with a high-affinity peptide from GAD.“ 
I-Ag7 had a wide peptide-binding groove (Fig. 20-5B), which 
may account for disease-associated peptide binding. Similar re- 
sults have recently been reported for HLA-DQ8 molecules and 
may be of importance in understanding the role of peptide bind- 
ing in TIDM pathogenesis. ' 


Association with Other Genetic Markers 
from Genome Scanning 


Other genetic markers for TIDM (Table 20-5) have been obtained 
by recent human genome scanning studies to support the previous 
observation?” that other genetic factors may contribute to the risk 
for TIDM. The development of simple sequence repeat (SSR) 
markers to map the human genome made it possible to identify 
linkage between SSR markers and T1DM.**''*'!© These studies 
required knowledge of the inheritance of TIDM such that genetic 
linkage was calculated from the simultaneous inheritance of SSR 
markers in affected siblings. DNA collection available to investiga- 
tors throughout the world through the Human Biological Data In- 
terchange (HBDI)'**'™ and from the British Diabetic Association 
(BDA) made it possible to identify several TIDM risk loci.**'®""'®° 
There may be as many as 14-18 such risk loci, although the num- 
ber reproducible in all populations is controversial.°*'® 

HLA and insulin VNTR are estimated to contribute to about 
40% and 10%, respectively, of familial clustering of T1DM. Other 
contributing genes are therefore expected. Among these, CTLA-4 
on chromosome 2 has been reproduced in several ethnic groups. 
167.168 Polymorphisms in the coding as well as noncoding regions 
of the CTLA-4 gene are associated with autoimmune diseases such 
as Graves’ disease as well as T]DM.'™ The association between 
CTLA-4 and TJDM in a case-control study indicated that long 
(AT)n repeats at the 3’ end of the gene are associated with TIDM. 
'©? The mechanism explaining this association remains to be clari- 
fied. One possibility is that the CTLA-4 polymorphism affects the 
survival of autoreactive regulatory T cells. Although HLA seems 
necessary, it is clearly not sufficient for the appearance of T1DM; 
one or several contributing genes may affect the pathogenetic 
process and age at onset. The possiblity cannot be excluded, how- 
ever, that other genetic factors important to B-cell function may 
contribute to TIDM risk. It is predicted that high-throughput ge- 
netic typing methods such as analysis of single nucleotide poly- 
morphisms (SNP) will provide novel means by which large num- 
bers of patients and controls can be used to improve the current 
TIDM genetic map. 


IMMUNE ASPECTS 


Autoantibodies 


Autoantibodies reactive with antigens contained in pancreatic islet 
cells are common in TIDM (Table 20-6). Antibodies reactive 
against islet cell antigens (islet cell antibodies [ICAs]) were first 
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TABLE 20-6. Islet cell autoantigens of Insulin-Dependent 
Diabetes Mellitus 


Autoantigen Characteristics 


Target of ICA in humans, GM2-1, non-beta- 
cell specific 

Target of 64-kd antigen/GAD antibody in 
humans and animal models of IDD, two 
forms (GAD65 and 67), cellular immune 
antigen, synaptic like microvesicle 
protein, disease-modifying antigen 

Insulin Target of IAA in humans and non-obese 
diabetic (NOD) mice, cellular immune 
antigen, disease-modifying antigen 

Target of autoantibodies in humans 
determined by bioassay 

38 kd Target of 38-kd antigen in humans, induced 
by cytomegalovirus, localized to insulin 
secretory granules, cellular immune 
antigen, multiple antigens of this 
molecular mass? 

Target of BSA antibody, antigen in humans 
and animal models of IDD, contains 
ABBOS peptide, has molecular mimic in 
beta cell p69 protein (PM-1), disease- 
modifying antigen 

Target of autoantibodies in humans, inhibit 
glucose stimulation, Glut-2 directed? 

hsp 65 Target of autoantibodies and cellular 
immunity in NOD mice, disease- 
modifying antigen, contains p277 
peptide. 

Target of autoantibodies in humans, 
identified by immunoscreening of islet 
cDNA, insulin secretory granule protein 

52 kd Target of autoantibodies in humans and 
NOD mice, molecular mimic with rubella 
virus 

Target of autoantibodies in humans, 
identified by immunoscreening of islet 
cDNA, 5123 homology to CD45 

150 kd Target of autoantibodies in humans, beta- 
cell specific, membrane associated 

Target of autoantibodies in humans and 
NOD mice, present on insulinoma cells 


Sialoglycolipid 


Glutamate decarboxylase 


Insulin receptor 


Bovine serum albumin 


Glucose transporter 


Carboxypeptidase H 


ICA12/ICA512 


RIN polar 


Reprinted with permission from Atkinson MA, Maclaren NK. Islet cell autoantigens 
in insulin-dependent diabctes. J Clin Invest. 1993;92:/608-/616, 


described in 1974 and provided strong evidence for an autoimmune 
etiology and pathogenesis for T1 DM. The initial description of ICA 
has been followed by a large number of reports describing the pres- 
ence of antibodies reactive with a variety of islet cell components. 
These include antibodies to insulin, proinsulin, GAD, carboxypep- 
tidase H, a sialoglycolipid, and several other incompletely defined 
antigens of different molecular weights: 37, 38, 52, 64, 69, and 150 
kd.'”° Most of these antibodies occur with high prevalence in newly 
diagnosed T1DM subjects and prior to clinical appearance of dia- 
betes. Their presence is useful in detecting B-cell autoimmunity 
and in assessing the risk of subsequent clinical TIDM in geneti- 
cally susceptible individuals. However, the relationships among the 
various islet cell autoantibodies, B-cell autoimmunity, and eventual 
clinical T1DM is very complex and still not fully characterized or 
understood. Of all the autoantibodies described in T1DM, four are 
clinically most useful: ICA, IAA, GADA, and IA-2A. 
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When ICAs were first discovered in 1974, it was felt that all in- 
dividuals with ICAs would eventually develop clinical T1 DM. This 
is not the case, and recent extensive investigation in this area has 
revealed considerable complexity. When ICAs are detected in non- 
diabetic individuals identified because of other autoimmune dis- 
eases besides diabetes, the risk of subsequent clinical T1DM is less 
than when ICAs occur in relatives of TIDM patients.'”' Similarly, 
ICA-positive individuals from the general population without a 
family history of TIDM have a much lower risk of TIDM than 
ICA-positive relatives of TIDM patients.'”*'” In fact, ICAs can 
occur in people with protective HLA haplotypes, and in these indi- 
viduals subsequent clinical T1DM is unusual.'’*:'”° Several subsets 
of ICAs have been identified with varying risks of TIDM. A subset 
termed restrictive, because the staining pattern is restricted to the 
B cells and does not stain mouse pancreas, is less predictive of sub- 
sequent T1DM than ICAs reactive with all islet endocrine cells and 
with mouse pancreas.'”* Similarly, ICA binding that is displace- 
able with GAD or that gives a granular staining pattern is less pre- 
dictive of subsequent T1DM than conventional ICA. "®"6 

Insulin autoantibodies have become equally complex. In rela- 
tives of TIDM patients, the presence of IAAs in addition to ICAs 
greatly increases the risk of subsequent clinical TIDM compared 
with ICAs alone, but relatives with IAAs without ICAs have only a 
minimally increased risk of clinical TIDM.'”’ Certain drugs such 
as methimazole and penicillamine can induce IAAs, but these sub- 
jects develop hypoglycemia, not T1DM. Some viral infections can 
induce LAAs of the IgM subclass, which are also unrelated to 
T1DM.'” An international workshop revealed that [AAs measured 
by fluid-phase assays were predictive of subsequent clinical 
T1DM, whereas IAAs measured by solid-phase enzyme-linked im- 
munosorbent assay (ELISA) were not.'” It has not been resolved 
whether this is due to the two assay formats measuring antibodies 
of different affinities or to antibodies directed against different epi- 
topes on the insulin molecule, but only fluid-phase IAA assays 
should be used to assess the risk of TIDM. 

In 1990 Baekkeskov and colleagues'*° reported that the 64K 
autoantigen recognized by antibodies from T1DM patients was 
GAD. A wealth of data regarding 64K antigens and antibodies to 
these antigens in T1DM obtained over the last few years has re- 
vealed that this area is as complex as for ICAs and IAAs. GAD ex- 
ists in at least two major isoforms, GAD-65 and GAD-67. Their re- 
spective distributions in B cells and neural tissue vary between 
species, and although antibodies to both isoforms can occur, anti- 
bodies to GAD-65 are predominantly associated with TIDM in 
humans.'*' Several assay formats including fluid-phase, ELISA, 
and enzymatic assays have been developed, and an international 
workshop demonstrated, as for IAAs, marked differences related to 
methodology. In general, fluid-phase measurements of GAD-65 
antibodies were most closely correlated with TIDM.'*? GAD auto- 
antibodies are very common in the rare neurologic disorder, stiff- 
man syndrome, and only a small percentage of these patients de- 
velop T1DM. Furthermore, the GAD autoantibodies in TIDM and 
stiff-man syndrome appear to differ in their ability to inhibit GAD 
enzymatic activity and in recognizing antigen in Western blot as- 
says.'*? As discussed previously, ICAs that are displaceable with 
GAD are surprisingly less associated with T1DM than ICAs not 
recognizing GAD.'”° Recent data have also revealed that antibod- 
ies from T1DM subjects binding to 64K islet antigens include anti- 
bodies to antigens other than GAD. Some investigators have iden- 
tified antibodies to HSP65 in T1DM,'™* but others have not,” so 
this remains a controversial area. 


The maturation of the humoral response to GAD epitopes se- 
quentially from birth to diabetes onset or current follow-up in GAD 
antibody (GADA)+ offspring of parents with diabetes was exam- 
ined recently in the German BABYDIAB Study.” Antibodies were 
measured against GAD-65, GAD-67, and GAD-65/67 chimeras by 
radiobinding assay. In 28 of 29 offspring, the first GADA contained 
reactivity against epitopes within GAD-65 residues 96-444, sug- 
gesting that the middle GAD-65 region is a primary target of GAD 
humoral autoimmunity. Subsequent GADA epitope spreading was 
frequent, and spreading was mostly to NH2-terminal GAD-65 epi- 
topes. In two offspring, spreading to new epitopes was found when 
antibody titers to GAD-65 and early epitopes were declining, sug- 
gesting determinant-specific regulation of the humoral response. 
None of the GADA reactivities or any changes in reactivity over 
time were specifically associated with diabetes onset. These find- 
ings suggested that the humoral autoimmune response to GAD 
found in childhood is dynamic, is initially against epitopes within 
the middle portion of GAD-65, and spreads to epitopes in other re- 
gions of GAD-65 and GAD-67. Hampe and colleagues'** showed 
that recognition of epitopes by GAD-65 Ab in T1DM is different 
from that in non-T1DM, GAD-65 Ab-positive individuals. Further 
studies demonstrated that the N-terminal part is essential for full 
antibody binding to GAD-65, in particular to the middle epitope. It 
was suggested that T1 DM is associated with restricted GAD-65Ab 
epitope specificity, and the evolution of GAD-65 autoantibodies in 
TIDM includes reactivity to a non-human GAD-65 N-terminal end 
conformation. Progression toward TIDM is, however, associated 
with a maturation of the immune response toward human GAD-65 
autoreactivity. #7! 

In very elegant experiments, Christie and colleagues'™ have 
demonstrated antibodies in T1DM to a 64-kd islet protein distinct 
from known isoforms of HSP or GAD. Antibodies recognizing a 
37-kd tryptic fragment of this non-GAD 64-kd antigen were more 
predictive of TIDM than GAD autoantibodies.'®° These autoanti- 
bodies are now known as ICA512 or IA-2 (directed to the neuro- 
endocrine protein insulinoma-associated protein 2, a member of the 
protein tyrosine phosphatase family).'?!:!?? Kawasaki and cowork- 
ers"? have examined the overlapping specificities and antigenic 
epitopes of autoantibodies to IA-2 and phosphatase homolog in 
granules of insulinoma (phogrin) and determined whether intramol- 
ecular epitope spreading occurs during the development of diabetic 
autoimmunity. IA-2 autoantibodies and phogrin autoantibodies 
were detected in 65-70% of patients with new-onset T1DM and 60- 
65% of prediabetic relatives of patients with T1DM. Binding and 
competition analysis using multiple chimeric IA-2/phogrin con- 
structs demonstrated that a major unique epitope for IA-2 autoanti- 
bodies is localized to amino acids 762-887. These studies high- 
lighted the complexity of autoantibody recognition of IA-2/phogrin. 
Park and colleagues” investigated whether alternative splicing 
could affect humoral autoreactivity to the molecule. Radioimmuno- 
precipitation assays for IA-2/ICA512 autoantibodies were devel- 
oped with the widely used ICA512.bdc construct (which has exon 
13 deleted) and a series of full-length and modified ICA5S12/1A-2 
molecules. The assays showed that ICA512.bde and ICA512 604- 
979 gave the best discrimination between diabetic and control sera. 
With ICA512 604—979, a somewhat greater proportion of patients 
expressing antibodies were detected than with ICA512.bdc in the 
groups studied (70.5% vs. 63.2% of prediabetic/new-onset patients 
and 25.0% vs. 13.9% of patients with diabetes >20 years). They 
concluded that important epitopes lie within the exon 13 region and 
others can be generated by the alternative splicing. 


Chapter 20 


The combinatorial Islet Autoantibody Workshop assessed the 
ability of individual autoantibody (ab) assays and their use in com- 
bination to discriminate between TLDM and control sera.'"* Coded 
aliquots of sera were measured in a total of 119 assays by 49 par- 
ticipating laboratories in 17 countries. The sera were from 51 pa- 
tients with new-onset TIDM and 101 healthy control subjects with 
no family history of diabetes. There were no significant differences 
in sensitivity among 19 radioimmunoassays (RIAs) for IA-2 au- 
toantibodies (ICA 512) using different constructs that included the 
intracellular portion of the molecule (mean sensitivity 73%). 
Among GAD autoantibody assays that achieved sensitivity >70%, 
26 were RIAs and | was an ELISA. When the sera were ranked ac- 
cording to their autoantibody levels, the concordance for IAAs 
in different laboratories was markedly less than for IA-2A and 
GADA. Using a combination of autoantibody assays, several labo- 
ratories achieved excellent discrimination between diabetic and 
control sera (sensitivity up to 80% with a false-positive rate of 0%). 
A variety of strategies for combining information from different 
assays were successful (e.g., those including and excluding ICA), 
and no one strategy emerged as clearly superior.'™ 

The relationships between genetic markers and disease-asso- 
ciated autoantibodies were studied in an unselected population of 
701 siblings of children with T1DM, and the predictive characteris- 
tics of these markers over a period of 9 years were determined.” 
Increased prevalences of all the antibodies were closely associated 
with HLA identity to the index case, the DR4 and DQB1*0302 al- 
leles, the DR3/4 phenotype, and the DQB1*02/0302 genotype. 
GADAs were also associated with the DR3 and DQB1*02 alleles, 
and siblings carrying the protective DR2 and DQB1*0602-3 alleles 
were characterized by lower frequencies of ICAs, IA-2A, and 
GADA. A combination of the genetic markers and autoantibodies 
increased the positive predictive values of all autoantibodies sub- 
stantially, which may have clinical implications when evaluating 
the risk of developing TIDM at the individual level or when re- 
cruiting high-risk individuals for intervention trials.” However, 
because such combinations also resulted in reduced sensitivity, au- 
toantibodies alone rather than in combination with genetic markers 
are recommended for first-line screening in siblings. Finally, not all 
siblings with a broad humoral autoimmune response or high-risk 
genetic markers present with T1DM, and some with a low genetic 
risk and weak initial signs of humoral autoimmunity may progress 
to disease. Lindberg and coworkers!**!*” tested for various islet 
autoantibodies in cord blood sera from controls and children who 
developed T1DM between 10 months and 14.9 years of age. An in- 
creased frequency of cord blood islet autoantibodies suggested that 
the TIDM process could already be initiated in utero.'°°'% 

Although autoantibodies could damage ß cells by antibody- 
dependent complement cytotoxicity or by targeting natural killer 
cells to B-cell antigens, transfer of T1DM in the animal models re- 
quires T cells, and consequently a major direct role for antibodies 
in causing the B-cell damage of TIDM is unlikely. The findings 
that intrathymic or intravenous administration of GAD can prevent 
TIDM in the NOD mouse'™*:'” and that T cells reactive with in- 
sulin can transfer T1DM in the NOD mouse model” suggest im- 
portant direct roles for GAD and insulin in TIDM. The 9-23- 
amino acid region of the insulin B chain (B9-23) is a dominant 
epitope recognized by pathogenic T lymphocytes in NOD mice. 
Maron and colleagues””' have shown that oral and nasal adminis- 
tration of insulin or GAD suppresses development of diabetes in 
the NOD mouse and that this suppression appears secondary to 
the generation of regulatory T cells that act by secreting anti- 
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inflammatory cytokines such as IL-4 and transforming growth 
factor (TGF)-8. They analyzed cytokine patterns associated with 
mucosal administration of insulin B chain, B-chain peptide 10-24, 
and GAD peptide 524-543, and derived lines and clones from 
mucosally treated animals. There was significantly less IFN-y pro- 
duction in mucosally treated mice associated with increased pro- 
duction of IL-10 and TGF-B. The nature of the antigen appeared 
to determine cytokine production, as the B chain given either orally 
or nasally primed for TGF-B responses, whereas mucosally admin- 
istered B-chain peptide 10-24 primed for IL-10. 

Their results supported a role for Th2-type cells (see below for 
discussion on Th1/Th2 cells) in the regulation of diabetes in NOD 
mice.™! Their further studies showed that neonatal feeding of 
human insulin or insulin B-chain peptide (10-24) is effective in in- 
hibiting diabetes when given to the NOD mouse,” and this may 
have applications in preventing diabetes in high-risk human popu- 
lations. Studies in the BB rat model also demonstrated that immu- 
nization with insulin B chain in the presence of adjuvant can re- 
duce diabetes incidence.” The absence of any metabolic effect 
of B chain and the requirement for adjuvant suggested that this 
effect is mediated via modulation of the autoimmune response. Al- 
leva and coworkers” recently described B9-23-specific T-cell re- 
sponses in peripheral lymphocytes obtained from patients with 
recent-onset TIDM and from prediabetic subjects at high risk for 
disease.“ This is the first demonstration of a cellular response to 
the B9-23 insulin epitope in human T!IDM and suggests that the 
mouse and human diseases have strikingly similar autoantigenic 
targets, a feature that should facilitate development of antigen- 
based therapeutics. 


Cellular Immune Response and Cytokines 


TIDM is thought to result from a T-cell-mediated destruction of 
the pancreatic B cells. Antigen-specific T-cell activation requires 
two signals. One is imparted by interaction of the TCR/CD3 com- 
plex with the antigen:MHC class II protein complex expressed by 
APCs. The second signal is provided by cell-bound and secreted 
costimulatory molecules, which (although not imparting any anti- 
genic specificity) synergize with TCR/CD3 signals in augmenting 
T-cell activation.” Several signal transduction pathways oper- 
ate as a result of T-cell activation. These include the phospholipase 
C-1 pathway, the p2I“°/RAF kinase (the classical mitogen- 
activated protein kinase) pathway,” and the phosphatidylinositol 
3’-hydroxykinase/GDP-Rac (the alternative mitogen-activated pro- 
tein kinase) signaling pathway. 

Coupling to more than one signaling pathway is possible 
depending on the intensity of the signal generated, the duration 
of stimulation, and the contribution of costimulatory molecules, 
which, in turn, affects the duration and outcome of the functional 
response.”°*!° Insofar as costimulatory signals determine whether 
TCR recognition of antigen will lead to activation, apoptosis, or 
anergy, a role for altered costimulation in the pathogenesis of au- 
toimmune diseases including TIDM7*!!?? has been proposed. Ac- 
cordingly, manipulation of costimulatory pathways was proposed 
as a potential strategy for managing autoimmune diseases, includ- 
ing T1DM.?"? 

As part of the insulitis process, a number of cytokines (soluble 
polypeptide mediators) are released from the immune cells infil- 
trating the islet. In addition to their immunologic functions of mod- 
ulating, amplifying, and directing the immune response, several of 
the cytokines have been found to have direct effects on the pancre- 
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atic B cells. The direct effects potentially involved in the pathogen- 
esis of TIDM include inhibition of insulin release, cytotoxicity, 
and altered antigen expression. The cytokines IL-1, TNF, and IFN 
have been the most intensively studied. Although there is consider- 
able variability depending on species and possibly other experi- 
mental conditions, in general the cytokines mentioned, especially 
when administered in combination, are cytotoxic to pancreatic 
B cells.?'*?"* In addition to the impairment of insulin secretion 
resulting from this cytotoxicity, inhibition of insulin secretion, in- 
dependent of cytotoxicity, is also observed. "”?!5 

This distinction is potentially very important because it raises 
the attractive possibility that, especially early in the preclinical pe- 
riod of TIDM, much of the loss of insulin secretory function may 
be functional in nature and therefore potentially reversible rather 
than due to irreversible B-cell destruction. Both in vitro?'® and 
in vivo"'’ experimental data suggest that B cells are indeed able to 
repair after damage. Experiments exposing whole rodent islets of 
Langerhans to various toxic agents showed that the B cells went 
through an initial phase of suppressed glucose metabolism and de- 
creased glucose-stimulated insulin release.”'*?!? After they were 
cultured for 3-7 days in the absence of toxic agent, the surviving 
B cells were able to regain their function completely. B-cell repair 
has also been demonstrated after in vivo B-cell damage. When pan- 
creatic islets with insulitis were isolated from female NOD mice at 
different ages (5-7, 8-11, or 12-13 weeks), the islets showed a 
deficient glucose-induced insulin release and defective glucose 
metabolism that progressively worsened with age (Fig. 20-6).71-? 
The observed B-cell dysfunction showed a close correlation to the 
severity of the mononuclear cell infiltration and was accompanied 
by defective glucose metabolism. Both abnormal insulin release 
and glucose oxidation were completely restored after 1 week of 
culturing, during which the islet mononuclear cell infiltrate was 
depleted.”"?? In a subsequent series of experiments, treatment of 
female 12-13-week-old NOD mice with monoclonal antibodies 
directed against infiltrating T cells markedly reduced the islet in- 
flammatory reaction and restored islet glucose metabolism, when 
the islets were isolated after a 10-day period.7!??7”° 


These data suggest that in prediabetic NOD mice, a population 
of suppressed and/or partially damaged (but still viable) B cells 
exists. If the immune assault is arrested, either by removing the 
islets from the in vivo environment’! or by eliminating the in- 
vading T cells with specific monoclonal antibodies,” these B 
cells can use repair mechanisms and regain normal function. Anti- 
CD3 monoclonal antibodies suppress immune responses by tran- 
sient T-cell depletion and antigenic modulation of the CD3/TCR 
complex, and anti-CD3 treatment of adult NOD mice with recent 
onset diabetes can restore normoglycemia.””! 

Cytokines also cause alterations in the B-cell expression of 
many other proteins besides insulin. Some proteins are stimulated, 
whereas others are inhibited. IFN-y commonly stimulates MHC 
class | antigen expression in many cell types and may be responsi- 
ble for the increased class 1 expression on islet B cells in T1DM, as 
treatment of NOD mice with antibodies to IFN-y prevents MHC 
class 1 expression in the insulitis lesion.” An important role for 
IFN-a in TIDM is suggested by transgenic mice expressing IFN-a 
in their pancreatic B cells; these mice develop insulitis, lymphocyte 
autoimmune destruction of their islet B cells, and TIDM.””’ Gel 
electrophoresis has shown that cultured islets exposed to IL-1 de- 
crease the expression of many proteins and increase the expression 
of others.” IL-1 inhibits the expression of GAD (unpublished ob- 
servations) and stimulates the expression of islet ganglioside,”*° 
HSP70,”°°"?7 hemoxygenase,””* and superoxide dismutase.””* It 
has been proposed that some of these proteins, especially HSP70, 
hemoxygenase, and superoxide dismutase, may be protective to the 
B cell and/or aid in recovery of the B cell from damage.””? 

Cytokines are recognized to be an important component of the 
immune mechanism determining whether the immune response of 
CD4+ T cells to an antigen is primarily cellular (Th1) or humoral 
(Th2). T-helper cells differentiate into at least two major subtypes, 
Thi and Th2, which are functionally distinct and distinguished 
by different cytokine secretion patterns. Thi cells produce IL-2, 
IFN-y, and TNF-8, whereas Th2 cells produce IL-4, IL-5, and 
IL-10. Functionally Thi cells and their respective cytokines are in- 
volved in delayed-type hypersensitivity responses, macrophage 


FIGURE 20-6. Insulin release (A) and glucose oxidation (B) from isolated pancreatic islets of 12-week-old fe- 
male NOD mice or 12-week old NMRI mice. Both insulin release and glucose oxidation rates were measured im- 
mediately after islet isolation (day 0) and after 7 days in culture (day 7). (Reproduced with permission from 


Eizirik et al.???) 
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Chapter 20 


and cytotoxic T-cell activation, and weak B-lymphocyte activation 
mediating immunoglobulin isotype switching to IgG2a and IgG3.?°° 
In contrast, Th2 cells and their respective cytokines strongly acti- 
vate B lymphocytes, stimulate humoral immune responses, and 
mediate isotype switching to IgG4 and IgE in humans.”™!?” Al- 
though Th] and Th2 lymphocytes can each elicit memory IgG] re- 
sponses via different signals,” Th1 and Th2 responses are largely 
mutually inhibitory; Th2 cytokines suppress Th1 responses and vice 
versa. A large number of factors including antigen dose, antigen 
affinity, route of administration, genetics (including HLA type), and 
type of APC control differentiation into Th! vs. Th2 responses. 

Considerable data suggest that Thl-type immune responses 
against islet antigens are associated with progression to clinical 
TIDM in animals. Transgenic mice expressing the Th? cytokine 
IFN-y in their pancreatic B cells develop insulitis and diabetes, "?! 
and in both BB rats and NOD mice monoclonal antibodies against 
IFN-y prevent TIDM.7**?"° Diabetogenic T-cell clones obtained 
from the NOD mouse are commonly of the Thl-type phenotype, 
producing IFN-y but not IL-47°°; GAD-reactive T-cells isolated 
from NOD mice produce IFN-y'®’; and insulitis developing in 
transplanted islets in diabetes-prone NOD mice demonstrates a 
high frequency of IFN-y-producing cells.7*” 

In contrast, a predominantly Th2-type immune response ap- 
pears to confer protection against T1DM. Thymocytes from NOD 
mice have markedly reduced IL-4 production when they are stimu- 
lated with TCR monoclonal antibodies, anti-CD3, and con- 
canavalin A (Con A), and administration of IL-4 to prediabetic 
NOD mice prevents diabetes.”°”?** In performing islet transplanta- 
tion experiments in NOD mice and assessing cytokine production 
by measuring mRNA, Rabinovitch and colleagues?’ also demon- 
strated that complete Freund’s adjuvant (CFA) resulted in de- 
creased expression of IFN-y in the islets but increased expression 
of the Th2-type cytokine IL-10. Autoimmune diabetes and insulitis 
can be induced in rats by sublethal y-irradiation and thymectomy 
and can be prevented by injection of a CD4+ T-cell subset from 
untreated syngenic rats. These protective cells are of the Th2 phe- 
notype since they produce IL-4 but not IFN-y when activated 
in vitro. 

The Thl/Th2 paradigm may not be as distinct in humans as in 
the mouse. For example, in humans both Th1 and Th2 clones pro- 
duce IL-10.""! Nonetheless, there has been correlation of Th! vs. 
Th2 with development of human autoimmune diseases.“? At 
diagnosis of human T]DM, IL-4 production by peripheral blood 
mononuclear cells (PBMCs) is markedly reduced", and Harrison 
and coworkers”"> demonstrated that preclinical subjects progress- 
ing to clinical diabetes had a predominantly cellular reaction to 
GAD, whereas subjects at less risk of clinical TIDM had a pre- 
dominantly humoral response to GAD. However, as an antigen, 
they used GAD-67, which is not a predominant antigen in human 
diabetes, and their findings are controversial.” 

The observations that subjects develop autoantibodies to an in- 
creasing number of islet antigens during the preclinical period”*’ 
and that multiple islet autoantibodies are much more predictive of 
future TIDM than a single antibody'’”?“* further support the 
Thi/Th2 paradigm in humans. Wilson and colleagues” investi- 
gated a series of at-risk non-progressors and T1DM patients (in- 
cluding five identical twin/triplet sets discordant for disease). The 
diabetic siblings had lower frequencies of CD4-CD8-Va24JaQ+ 
T cells compared with their nondiabetic sibling. All 56 Va24JaQ+ 
clones isolated from the diabetic twins/triplets secreted only IFN-y 
upon stimulation; in contrast, 76 of 79 clones from the at-risk non- 
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progressors and normals secreted both IL-4 and IFN-y. Half of the 
at-risk non-progressors had high serum levels of IL-4 and IFN-y. 
These results support a model for TIDM in which Th! cell- 
mediated tissue damage is initially regulated by Va24JaQ+ T 
cells producing both cytokines; the loss of the secretion of IL-4 is 
correlated with T1 DM. 

Th2-type immune responses are preferentially generated by 
antigen presentation via the gut, and consequently oral tolerance 
and the resultant protection against autoimmune disease are in 
some ways analogous to the Thl/Th2 paradigm. Oral tolerance is a 
term used to describe the tolerance that can be induced by the ex- 
ogenous administration of antigen to the peripheral immune sys- 
tem via the gut. It is a form of antigen-driven peripheral immune 
tolerance and appears to involve two main mechanisms that are in 
part dependent upon the antigen dose. The tolerance induced by 
lower doses of orally administered antigen appears to be mediated 
predominantly by active suppression, whereas higher doses tend to 
induce clonal anergy and/or deletion.” The active suppression by 
low doses of oral antigen appears to be mediated by the oral anti- 
gen: the antigen generates regulatory T cells that migrate to lym- 
phoid and target organs expressing the antigen administered orally, 
and confers suppression via the secretion of downregulatory cy- 
tokines including IL-4, IL-10, and TGF-8.7°! Oral immunization 
with sheep red blood cells induced predominantly Th2-type cells in 
Peyer’s patches, whereas systemic immunization induced predom- 
inantly IFN-y-producing Thl-type cells.” In animals protected 
against EAE by the oral administration of myelin basic protein 
(MBP), mesenteric lymph nodes secrete TGF-B, IL-4, and IL-10, 
but minimal IFN-y when stimulated in vitro with MBP?” Im- 
munohistology of brains from animals affected with EAE, and 
from orally tolerized and therefore protected animals, further sup- 
ports the Th1 vs. Th2 paradigm. Brains from unprotected animals 
showed infiltration with activated mononuclear cells secreting IL-1, 
IL-2, TNF, and IFN-y, but not IL-4 and TGF-B. In animals orally 
tolerized with MBP, the inflammatory infiltrate was markedly re- 
duced, IL-1, IL-2, TNF, and IFN-y were reduced, and TGF-B and 
IL-4 were increased.” 

It is fairly well established that TIDM is associated with dys- 
regulated humoral and cellular immunity. There is altered produc- 
tion of and response to macrophage-derived and T-cell—derived cy- 
tokines, and a shift in T-helper cell differentiation in favor of a 
pathogenic Th! pathway. Th1 cytokines may induce islet B-cell de- 
struction directly by apoptosis and by upregulating the expression 
of select adhesion molecules, and they may facilitate pancreatic 
homing of autoreactive leukocytes, hence enhancing B-cell destruc- 
tion. However, more recently, data are also appearing to suggest 
that in some cases Th2 cells and their cytokines can accelerate 
B-cell destruction, arguing against the conventional Th1/Th2 para- 
digm.'*°?5556 Local production of Th2 cytokines, in particular 
IL-10, accelerated B-cell destruction by enhancing autoreactive cell 
infiltration of the pancreas (insulitis) through modulation of the re- 
lease of other cytokines and by modulating the microvasculature.”* 

Both B-cell antigen-specific and nonspecific immune and in- 
flammatory responses may participate in mediating islet B-cell de- 
struction in TIDM.”°’ The B-cell antigen-specific immune re- 
sponse involves binding of CD8+ T cells to B cells. The T cells 
specifically recognize B-cell antigen or antigens presented by 
MHC class I molecules on the B cells. This is followed by activa- 
tion of the T cells (cytotoxic T cells), which may kill the B cells by 
receptor (Fas/FasL)-mediated mechanisms or by secretion of cyto- 
toxic molecules (granzymes and perforin).”** The nonspecific im- 
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mune and inflammatory response that destroys B cells may be me- 
diated by molecules released from activated T cells (both CD4+ 
and CD8 + T cells) and macrophages, such as proinflammatory cy- 
tokines (IL-1, TNF-a, TNF-B, IFN-y) and free radicals (e.g., su- 
peroxide, hydrogen peroxide, the hydroxyl radical, nitric oxide 
[NO], and peroxynitrite). There is abundant evidence in vitro that 
islet B cells are sensitive to injury mediated by oxygen free radi- 
cals?!? and NO.?°? In addition, IL-1, TNF-a, TNF-B, and IFN-y are 
cytotoxic to B cells via mechanisms that appear to involve the pro- 
duction of oxygen free radicals or NO (or both) in the B cells them- 
selves.”!?5 NO production has been demonstrated in pancreatic 
islets in situ in conjunction with TIDM development in BB rats" 
and NOD mice.”°! These findings suggest that both oxygen and ni- 
trogen free radicals contribute to B-cell destruction in the insulitis 
lesion of T1DM. It appears that both B-cell antigen-specific CD8+ 
T cells and antigen-specific as well as antigen-nonspecific CD4+ T 
cells and macrophages may contribute to B-cell damage in NOD 
mice and BB rats; however, the precise cytotoxic mechanisms used 
by these immunologic cells to kill B cells have not been fully eluci- 
dated. Moreover, even less is known regarding the mechanisms of 
B-cell destruction in human T1DM. 

Multiple and sometimes conflicting studies have identified a 
variety of aberrations in the cellular immune response to autoanti- 
gens in persons with the disease. Potential explanations for these 
discrepancies include different techniques or culture conditions, di- 
versity in the populations of patients or controls tested, and differ- 
ences in autoantigen preparations. T-cell workshops have been or- 
ganized by the Immunology of Diabetes Society (IDS) with the 
aim of evaluating assays for detecting autoreactive T cells associ- 
ated with TIDM.°°? 

In the first phase, a series of candidate autoantigens were ana- 
lyzed by reference laboratories for quality. Subsequently, these 
preparations, as well as control stimuli, were distributed in a blind 
fashion to 26 laboratories worldwide, for analysis of T-cell prolif- 
eration assays in recent-onset T1DM patients and nondiabetic con- 
trols.?© The results using candidate autoantigens indicated that al- 
though a few laboratories could distinguish T1DM patients from 
nondiabetic controls in proliferative responses to individual islet 
autoantigens, in general, no consistent differences in T-cell prolif- 
eration between type | patients and controls were identified. The 
first T-cell workshop on T-cell autoreactivity in T1DM, although 
confirming that this was a difficult area for interlaboratory investi- 
gations, provided insights for future efforts focused on standardiz- 
ing autoreactive T-cell measurements. The inability to discriminate 
normal controls from new-onset TIDM patients suggested that 
measuring proliferative responses in PBMCs represents an incom- 
plete picture of the immune response, perhaps complicated by dif- 
ficulties in identifying suitable antigens and assays for standard- 
ized use.”* 

Currently, various assays under trial in the second IDS human 
T-cell workshop (phase II) are those in which peripheral T cells are 
used without manipulation, are depleted of naive T cells, or are 
enriched for activated (HLA DR+) T cells.“ In each protocol, 
subjects included are new-onset TIDM subjects, high-risk 
autoantibody-positive, first-degree relatives, and matched healthy 
controls. Measurements include proliferation in the presence or ab- 
sence of added IL-2, cytokine secretion, and cytokine mRNA 
quantification. Improved assays may provide new mechanistic in- 
sights and improved staging of prediabetes and may eventually 
allow us to measure the effectiveness of intervention therapies well 
before the onset of overt disease.”™ 


ENVIRONMENTAL FACTORS 
Epidemiology 


Various environmental triggers, e.g., certain viruses and dietary 
factors, have been proposed as initiators of the autoimmune 
process, leading to the destruction of the pancreatic B cells and 
consequent TIDM.”° Animal models provide solid evidence that 
environmental factors can, depending on the experimental condi- 
tions, both cause and prevent T1DM, but the relevance of these ob- 
servations to human T1DM is not clear. However, twin studies, 
major geographic variations in incidence and prevalence rates, 
temporal seasonal trends in the incidence, and findings in migrant 
studies suggest that environmental factors play a crucial role in the 
development of human TIDM.? In this section we review the 
available data dealing with the potential role of environmental fac- 
tors in the pathogenesis of T1DM. 

Perhaps most persuasive are the studies in monozygotic twins. 
Initial studies had shown that <50% of such twins are concordant 
for TIDM.™® 8 Concordance can be the result of genetic and/or 
environmental similarity, but discordance, especially of this de- 
gree, suggests that T1DM, at least in part, is due to nongenetic fac- 
tors. More recent longitudinal twin studies, with up to 39 years of 
follow-up from the onset of diabetes in index twins have shown 
that identical twins may develop diabetes after a prolonged period 
of discordance and that approximately two-thirds of long-term dis- 
cordant twins have evidence of persistent B-cell autoimmunity 
and/or B-cell damage.” This presence of discordance of age of dis- 
ease presentation also supports, but does not prove, a role for envi- 
ronmental factors. The diagnosis of T1DM follows a seasonal pat- 
tern, with incidence peaks in autumn and winter and a nadir in late 
spring/early summer. This seasonal pattern was first described in 
1926,°* has been repeatedly observed by numerous other investi- 
gators including ourselves,” is reversed in the Southern Hemi- 
sphere, and is remarkably constant year after year”! (Fig. 20-7). 
Such seasonality has suggested a viral connection, because the 
general incidence pattern of viral infection in children is similar. A 
single virus is unlikely to be responsible, because in children the 
autumn peak is primarily enteroviral infections and the winter peak 
respiratory viruses. Furthermore, because infection usually results 
in immunity to subsequent infection by similar viruses for several 
years, most viruses pass through a given community with cycles of 
2 or more years. Consequently, if the seasonality were due to viral 
infections, a number of different viruses would have to be involved 
to be consistent with the remarkably stable seasonal and yearly in- 
cidence of T1DM.~”’ 

The age pattern of onset of T1DM is in part compatible with an 
infectious etiology. T1DM is rare in the first 9 months of life. The 
incidence increases at about 5-6 years of age, peaks at approxi- 
mately 12 years of age, and has a less well-defined peak at ages 
20-35. No known infectious agent has an incidence pattern similar 
to this, but the low incidence rate of TIDM in the first months of 
life could be due to protection from infection by maternal antibod- 
ies, relative isolation during this period, or both. The increased in- 
cidence of T1DM at 5-6 years of age corresponds to the incidence 
pattern of many viral infections, which is high at this time, proba- 
bly related to starting school. 

Another epidemiologic observation supporting a pathogenetic 
role for environmental factors is the marked geographic variation 
in incidence of TIDM. Earlier studies had reported the age- 
adjusted incidence rates for TIDM with a 30-fold difference be- 
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tween the population extremes; the highest incidence rate, 
29.5/100,000 person-years, was found in Finland and the lowest, 
1.6/100,000 person-years, in Hokkaido, Japan.””* The EURODIAB 
collaborative group, established in 1988, prospectively analyzed 
geographically defined registers of new cases diagnosed under 
15 years of age in 44 centers representing most European countries 
and covering a population of about 28 million children?”’; inci- 
dence rates ranged from 3.2 cases/100,000/y in the Former Yu- 
goslav Republic of Macedonia to 40.2 cases/100,000/y in two 
regions of Finland. By pooling over all centers and sexes, the an- 
nual rates of increase in incidence were 6.3% for children aged 
0-4 years, 3.1% for 5—9 years, and 2.4% for 10-14 years. The very 
rapid rate of increase in children aged under 5 years has been a 
matter of particular concem.””* The Diabetes Mondiale (DiaMond) 
Project Group recently reported the patterns in incidence of child- 
hood TIDM worldwide?”*; the overall age-adjusted incidence of 
TIDM varied from 0.1/100,000/y in China and Venezuela to 
36.8/100,000/y in Sardinia and 36.5/100,000/y in Finland. This rep- 
resents a >350-fold variation in incidence among the 100 popula- 
tions worldwide.’ This marked difference in incidence is much 
greater than for most other chronic diseases.” Worldwide, a signif- 
icant correlation was noted between T1DM incidence and average 
yearly temperature, but this must be interpreted with great caution 
given the plethora of other factors including diet, gene pool, and 
ethnicity that also vary geographically in a south to north gradient in 
the Northern Hemisphere. There are also exceptions to this apparent 
gradient, with the island of Sardinia being noteworthy. The inci- 
dence of TIDM in Sardinia is very similar to Finland.?”° This pic- 
ture is further complicated by the observation that within the rela- 
tively homogeneous Swedish population, TI DM incidence appears 
to be geographically determined, with high incidence areas only a 
short distance from areas with consistently lower incidence rates.’”° 

Recent findings of time and space clustering of birth dates for 
later cases of diabetes together with the early observation of a 
very high prevalence of diabetes in cases with rubella embryopathy 
suggest that fetal virus exposure may be important.””” In early peri- 
natal life the immune system is inducible, and exposures in this 
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FIGURE 20-7. Seasonal variation in onset of new cases of type 1 diabetes in children reported to the British 
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period may initiate autoimmunity. Findings from Sweden and Fin- 
land suggest that enterovirus exposure during fetal life may initiate 
autoimmunity, leading to diabetes.””’ In addition, food components 
such as nitrosamine components, cow’s milk protein, and gliadin 
have been proposed to initiate the autoimmune P-cell destruction 
of TIDM.”””?"8 The diversity of determinants that are associated 
with TIDM risk points at a complex interaction between the 
genome and environment, and multivariate analyses have disclosed 
different risk profiles in different age groups.” Most of these epi- 
demiologic findings are supported by experimental studies in NOD 
mice, but their exact mechanisms of action are still unclear. Evi- 
dence has been accumulating indicating that perinatal exposures 
may be important for the initiation of B-cell destruction. Such risk 
factors may be the targets for primary prevention strategies of 
TIDM.2” As discussed earlier, evidence supports the concept that 
a neonatal wave of B-cell apoptosis precedes insulitis in sponta- 
neous, induced, and accelerated models of autoimmune diabetes, 
and the wave of apoptosis provides the antigen necessary for prim- 
ing the B-cell-specific T cells.” However, since this neonatal wave 
of B-cell apoptosis is present in both diabetes-prone and diabetes- 
resistant animal models, it is believed that other factors (defective 
APC function, defective clearing of apoptotic debris) determine 
who goes on to develop autoimmune diabetes.”° 

The precise mechanisms whereby environmental factors con- 
tribute to the pathogenesis of human T1DM are not known. Some 
of the possibilities include the following: (1) the agents may be 
directly toxic to the B cells and acutely cause sufficient loss of 
insulin secretory capacity to result in diabetes; (2) the agents, by 
an effect on the B cells, may trigger an autoimmune response di- 
rected against the B cells; (3) the agents, by providing specific 
peptides that share antigenic epitopes with host-cell protein 
(“molecular mimicry”) may trigger an immune response against 
B cells; (4) the agents may cause insulin resistance, with resultant 
increased insulin needs that cannot be met because of prior B-cell 
damage; and (5) the agents may alter the B cells in a way that 
increases their susceptibility to damage by other mechanisms 
(Table 20-7). 
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TABLE 20-7. Possible Environmental Mechanisms 
in Type 1 Diabetes 


. Directly toxic to B cells 

. Trigger an autoimmune reaction directed against the B cells 

. Trigger an immune response by “molecular mimicry” 

. Induce increased insulin need that can not be met by damaged $B cells 
. Alter B cells to increase susceptibility to damage 
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Potential environmental factors fall into three main groups: 
specific drugs or chemicals, nutritional constituents consumed in 
the diet, and viruses. Even a protective rather than destructive role 
has also been suggested for specific viral and bacterial anti- 
gens.” It is also of interest to note that a pathogen-free environ- 
ment increases diabetes in BB rats and NOD mice and that in 
NOD mice nonspecific immune stimulation is usually protec- 
tive.” As we live in a “cleaner environment,” the decreasing 
chances of natural infection in the general population may con- 
tribute to the induction of autoimmunity because the developing 
immune system is not exposed to the stimulation that may be nec- 
essary to generate regulatory cells involved in the modulation and 
prevention of autoimmunity.”*' 


Drugs 


Specific drugs or chemicals include alloxan, streptozotocin, pen- 
tamidine, and Vacor. Alloxan is directly cytotoxic to B cells, result- 
ing in rapid and selective B-cell destruction, and is frequently used 
to induce TIDM in experimental animals. Alloxan is a uric acid de- 
rivative and is structurally very different from the other drug com- 
monly used to induce diabetes, streptozotocin, which also causes 
direct B-cell lysis and is used therapeutically in humans to treat 
malignant insulinomas. In susceptible strains of mice, the B-cell 
damage induced by multiple subdiabetogenic doses of streptozo- 
tocin appears to elicit B-cell autoimmunity, which further con- 
tributes to B-cell loss.”*? Consequently, at a mechanistic level, this 
model provides evidence that a primary B-cell insult can result in 
secondary ß-cell autoimmunity. 

Pentamidine (4-4’-diamidino-diphenoxy-pentane) is a drug 
commonly used in the treatment of Pneumocystis carinii and is a 
recognized cause of drug-induced diabetes." Shortly after receiv- 
ing the drug, hypoglycemia may be observed, due to release of in- 
sulin from damaged 6 cells, followed subsequently by overt dia- 
betes due to B-cell destruction. Vacor is a rodenticide that, when 
ingested in large quantities by humans in suicide attempts, causes 
insulin-dependent diabetes. The major mechanism underlying the 
diabetes in these patients appears to be direct B-cell toxicity, but 
these patients also provide evidence that primary B-cell damage 
can result in secondary autoimmunity, as islet cell antibodies occa- 
sionally are found.?™"* 

Except in rare cases, it is unlikely that drugs or chemicals in 
the external environment are common and/or major etiologic fac- 
tors in human T1DM. The observations cited are primarily impor- 
tant because they document that B cells are uniquely sensitive and 
can be selectively destroyed by certain chemicals and that primary 
B-cell damage can elicit an immune response directed against the 
B cells. The latter view is also supported by studies in transgenic 
mice expressing lymphocytic choriomeningitis virus (LCMV) in 
their B cells.7°***’ Animals are tolerant to the transgene and re- 
main nondiabetic until infected with the virus exogenously. They 


then develop an immune response to LCMV, severe insulitis, and 
TIDM.*8 


Dietary Factors 


Among the environmental triggers, exposure to cow’s milk in early 
neonatal life and development of TIDM has received considerable 
attention.***-*?! The hypothesis was developed more than a decade 
ago, and the issue is still not settled.2**?°?-" Literature review 
shows that as many as 19 groups from different parts of the world 
have implicated exposure to cow’s milk protein in early neonatal 
life in the development of TIDM, whereas 6 other groups have 
found no such relationship.”°79?-7+"® "7 We now review the evi- 
dence for and against this hypothesis. 

Epidemiologic and experimental evidence has suggested that 
denial of dietary cow’s milk protein early in life may protect genet- 
ically susceptible children and animals from T1DM.”**?” Elimina- 
tion of intact cow’s milk proteins from the diet significantly re- 
duced the incidence of T1DM in the spontaneously diabetic BB rat, 
the elimination being most effective when it occurred during the 
preweaning period.*” Conversely, in newly discovered diabetics 
(both rats and children), compared with nondiabetic controls, in- 
creased levels of antibodies to cow’s milk proteins have been re- 
ported. Bovine serum albumin (BSA) was proposed as a candidate 
milk-borne mimicry antigen responsible for the diabetogenic cow’s 
milk effect.*™ Elevated anti-BSA antibodies have been observed in 
patients and diabetic rodents.°°'““? The anti-BSA antibodies cross- 
react with a B-cell membrane protein of Mr 69,000 (known as p69 
or ICA 69) and precipitate p69 from islet cell lysates. BSA-specific 
T cells have been detected that recognize a 17-amino acid sequence 
of BSA, known as ABBOS peptide (pre-BSA position 152-169), 
previously identified as a possible mimicry epitope.””'* ABBOS- 
sensitized T cells were reported in 28/31 children with recent-onset 
T1DM but not in nondiabetic controls. Cross-reactive T cells that 
recognize both Tep69 (dominant NOD T-cell epitope in ICA69) 
and ABBOS (dominant NOD T-cell epitope in BSA) are routinely 
generated during human and NOD mouse prediabetes.*™ These 
findings suggest that bovine milk proteins (mainly BSA) might be 
an important environmental factor providing specific peptides that 
share antigenic epitopes with host cell proteins.” High titers of 
antibodies have also been detected against B-lactoglobulin (BLG), 
in addition to BSA.”"* An enhanced cellular immune response to 
dietary BLG may reflect a disturbance in the regulation of immune 
response to oral antigens in TIDM.**”” This kind of defect may 
play a fundamental role in the development of B-cell autoimmunity 
in TIDM.7%07°7 

The clinical evidence relating a short duration of breastfeeding 
or early cow’s milk exposure to TIDM has recently been critically 
reviewed,” 308 Ecologic and time-series studies showed a relation- 
ship between TIDM and either cow’s milk exposure or diminished 
breastfeeding. In the case-control studies, patients with TIDM 
were more likely to have been breastfed for <3 months (OR 1.43) 
and to have been exposed to cow’s milk before 4 months (OR 
1.63). High dietary intake of cow’s milk protein in the 12 months 
before the onset of diabetes symptoms was also associated with an 
increased risk (OR 1.84),7777 

Results from the Childhood Diabetes in Finland Study Group 
showed that initially nondiabetic siblings who were ICA-positive 
also had increased levels of antibodies to cow’s milk proteins and 
suggested that the immune response to cow’s milk proteins may be 
related to progression to clinical T1DM.?'°?!! High milk consump- 
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tion in childhood (23 glasses daily) was associated with more fre- 
quent emergence of T1DM-associated autoantibodies than low 
consumption (<3 glasses daily; adjusted OR 3.97), and the esti- 
mated RR of childhood milk consumption for progression to 
TIDM was 5.37 (range: |.6-18.4) when adjusted for matching and 
sociodemographic factors, age at introduction of supplementary 
milk feeding, and genetic susceptibility markers.*'? Moreover, it 
was shown that children with TIDM have higher levels of cow’s 
milk protein antibodies than their HLA-DQB1-matched sibling 
controls and that these high levels of antibodies are independent 
risk markers for T1DM.*!**"* The accumulated evidence provided 
the basis for recent recommendations by the American Academy of 
Pediatrics to avoid cow’s milk exposure in young infants at risk of 
TIDM.?!5-3!7 

A recent study examined the composition of milk as well as its 
consumption together with diabetes incidence in 0-—14-year-old 
children from 10 countries.*'® Total protein consumption did not 
correlate with diabetes incidence (r = 0.402, level of significance 
25%, NS), but the consumption of the B-casein A! variant did cor- 
relate (r = 0.726, level of significance 2%). Even more pronounced 
was the relationship between @-casein (A'+B) consumption and 
diabetes (r = 0.982, level of significance 0.01%). The ecologic as- 
sociations shown in this report suggest the necessity to consider not 
just the role of total milk consumption or its time of introduction 
into the weaning diet, in the etiology of T1DM, but also the role of 
individual milk protein variants. 

A multicenter trial is being conducted in Finland to test 
whether avoidance of dietary cow’s milk protein (CMP) for at least 
the first 6 months of life in genetically at-risk infants prevents the 
subsequent development of TIDM during the first 10 years of 
life.” This Trial to Reduce IDDM in Genetically at Risk” 
(TRIGR) project is a randomized, prospective trial and involves 
newborn infants with first-degree relatives who have T] DM. Those 
genetically determined to be at high risk are randomized to receive 
a baby formula free of cow’s milk (containing a nonantigenic pro- 
tein hydrolysate) or a conventional cow’s milk-based formula. The 
intervention period is for a 6-month period, with a follow-up of 
10 years. This would be a “true” primary prevention strategy. 

Generation of insulin-specific T cells in early childhood may 
provide a pathogenic link between cow’s milk and diabetes. Stud- 
ies among the infants recruited in the TRIGR second pilot study 
suggested that primary cellular immunization to insulin might 
occur in infancy by oral exposure to bovine insulin (BI) present 
in cow’s milk. At the T-cell level, this response is first specific for 
BI but spreads to include reactivity to human insulin (HI) as 
well 219329 

On the other hand, a few other studies including two recent 
prospective studies found no apparent association between the de- 
velopment of antibodies to islet antigens and feeding patterns in 
high-risk infants with a first-degree TIDM relative, and there are 
reports that p69 and BSA are not antigenically cross-reactive.>?!°?6 
It was suggested that studies reporting increased humoral and cel- 
lular immunity to cow’s milk proteins in children with T1DM often 
lack appropriate controls and standardization and do not, in them- 
selves, establish a causal connection to disease pathogenesis.*”° 
Harrison and Honeyman?” have recently suggested that the cow’s 
milk hypothesis could be productively reframed around mucosal 
immune function in TIDM. Breast milk contains growth factors, 
cytokines, and other immunomodulatory agents including cy- 
tokines that promote functional maturation of intestinal mucosal 
tissues. In the NOD mouse model. exposure of the mucosa to in- 
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sulin (present in breast milk) induces regulatory T cells and de- 
creases diabetes incidence. The mucosa is a major immunoregula- 
tory barrier, and cow’s milk happens to be the first dietary protein it 
encounters. The basic question is whether impaired mucosal im- 
mune function predisposes to T] DM.” Additional supporting in- 
formation and further studies are needed to establish a clear role for 
diet in the pathogenesis of T1DM. 


Viruses 


Many investigators, employing many different techniques and 
methodologies, have evaluated whether viruses play an etiologic 
role in TIDM. Virus-induced diabetes in animal models, in vitro 
studies, epidemiologic investigations, case reports in humans, and 
research focusing primarily on molecular and cellular mechanisms 
have all been reported. 

Viral infections can cause diabetes in a variety of animal 
species, frequently with important similarities to human T1DM. 
Some of these include encephalomyocarditis (EMC) virus, cox- 
sackie B viruses, Mengovirus 2T, and reovirus types | and 3.*”’ Al- 
though EMC virus has not been implicated in human T1 DM, ele- 
gant studies in mice provide mechanistic information that may be 
applicable to other viruses and to human T1DM. EMC virus can 
induce T1DM in genetically susceptible strains of mice, and two 
antigenically indistinguishable strains of EMC virus have been 
identified; EMC-D can induce diabetes in >90% of infected ani- 
mals, whereas EMC-B does not cause diabetes.*** Genetically 
these two strains differ by 14 nucleotides, and one amino acid at 
the 776th position, alanine, is critical for diabetogenicity of the 
EMC-D variant.” This amino acid is located in the attachment site 
of the virus, and alanine increases the efficiency of viral attachment 
to pancreatic B cells.” Only certain strains of mice are susceptible 
to EMC-D virus-induced diabetes, and this genetic susceptibility 
also appears to involve viral attachment. Genetically susceptible 
mice express more viral receptors on their pancreatic B cells.**° 

Although it is clear that, in certain animal species, viruses can 
cause diabetes and that sometimes the diabetogenic process is in 
part immune-mediated, the situation in humans is far more contro- 
versial. As a foundation for postulating B-cell viral infection in 
human T1DM, Yoon, Prince, and coworkers have shown that sev- 
eral human viruses including coxsackie B3, coxsackie B4, reovirus 
type 3, and mumps can infect human ß cells in vitro and destroy 
them." ? Furthermore, in children dying with overwhelming viral 
infections, histologic examination of their pancreata revealed cyto- 
pathology in 5 of 7 cases of coxsackie B infection, 20 of 45 cases 
of cytomegalovirus infection, and 2 of 45 cases of congenital 
rubella.*** Two case reports are also worthy of mention. In the first, 
a 10-year-old boy died of ketoacidosis, and coxsackie B4 was iso- 
lated from his pancreas. This virus produced diabetes when in- 
jected into mice.” In the second case, diabetes developed a few 
days after a coxsackie B5 infection, and virus isolated from the 
feces produced hyperglycemia when injected into mice. 

Among the many viruses potentially involved in the etiology of 
human T1DM, three have received the greatest attention, namely, 
mumps, coxsackie, and rubella. There has been considerable spec- 
ulation about the role of wild mumps virus and mumps vaccine 
in the onset of childhood diabetes. Numerous investigators have 
noted temporal associations between TIDM and mumps infec- 
tions, although the proposed time interval between the reported 
viral infection and T1DM has ranged from several years to weeks 
or months.?”! Additional support for the possible association of 
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TIDM with mumps comes from observations that mumps virus 
can infect human B cells in vitro,*** that altered cytokine and HLA 
class I and II antigen expression results from mumps-infected 
human insulinoma cells,**° and that ICAs are-common in nondia- 
betic children following mumps infection”; other reports chal- 
lenge mumps as an etiologic factor.*** Available data about mumps 
and TIDM are incomplete and difficult to interpret.” Recent evi- 
dence from animal studies has raised the possibility that immuniza- 
tion by vaccines can influence the pathogenesis of TIDM melli- 
tus.” The possibility that widespread vaccination against mumps 
might offer protection against T1DM has also been investigated. A 
decline in mumps antibodies in T1DM patients and a plateau in the 
rising incidence of TIDM after introduction of mumps vaccine has 
been reported from Finland.**' However, there is no evidence that 
mumps-measles-rubella (MMR) mass vaccination programs have 
changed the incidence of diabetes mellitus in any population.” 
Lindberg and associates"? found no evidence that MMR vaccina- 
tion during adolescence may trigger autoimmunity. 

Several studies have indicated that enterovirus infections, es- 
pecially with coxsackie B, are frequent at the diagnosis of clinical 
TIDM or may play a role in the initiation of the B-cell damaging 
process.*4*-*%6 The first prospective studies were recently pub- 
lished; they suggested that enterovirus infections can also initiate 
the process several years before clinical T1 DM.” Lonnrot and 
colleagues™*“? analyzed the role of enterovirus infections in the 
initiation of autoimmunity in children who were tested positive for 
diabetes-associated autoantibodies in a prospective study starting 
at birth (the Finnish Diabetes Prediction and Prevention Study). 
Enterovirus infections were detected in 26% of sample intervals in 
the case subjects and in 18% of the sample intervals in the control 
children (p = 0.03). A temporal relationship between enterovirus 
infections and the induction of autoimmunity was found; en- 
terovirus infections were detected in 57% of the case subjects dur- 
ing the 6-month period preceding the first appearance of autoanti- 
bodies compared with 31% of the matched control children in the 
same age group (OR 3.7). The frequency of adenovirus infections 
did not differ between the patient and control groups. Their data 
implied that enterovirus infections are associated with the develop- 
ment of B-cell autoimmunity and provide evidence for the role of 
enteroviruses in the initiation of B-cell destruction. 

Three other observations support a potential role for coxsackie 
B in the etiology of T1DM. First, human 8 cells are susceptible to 
coxsackie B viral infection, and second, this infection results in de- 
creased insulin production.™ Third, coxsackie B viral infection of 
diabetes-susceptible mice results in increased B-cell expression of 
GAD”! and GAD antibodies.**” Finally, a portion of the GAD 
molecule shares homology to coxsackie B4,'™ and this portion of 
the GAD molecule appears to contain an immune-dominant epi- 
tope stimulatory to T cells from human T1DM patients.” How- 
ever, only some strains of coxsackie B virus are diabetogenic,’ 
and exposure to the more common nondiabetic strains probably 
confers protection against infection with the diabetic strains, simi- 
lar to the protection afforded against EMC-D virus-induced dia- 
betes by prior EMC-B viral infection.” 

Molecular mimicry is one mechanism by which infectious 
agents (or other exogenous substances) may trigger an immune re- 
sponse against autoantigens (Tables 20-8 and 20-9). Structural sim- 
ilarity (molecular mimicry) between viral epitopes and self- 
peptides can lead to the induction of autoaggressive CD4+ as well 
as CD8+ T-cell responses.*°° It has been proposed that a self- 
peptide could replace a viral epitope for T-cell recognition and 


TABLE 20-8. Potential Viral Mechanisms in IDDM 


. Direct beta-cell destruction 

. Increased insulin resistance and beta-cell destruction 

. Molecular mimicry 

. Protection from diabetogenic strain by prior infection with 
nondiabetogenic strain 

5. Stimulation of regulatory T cells 

6. Stimulation of effector T cells 
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therefore participate in pathophysiologic processes in which T cells 
are involved. The tolerance to autoantigens breaks down, and the 
pathogen-specific immune response that is generated cross-reacts 
with host structures to cause tissue damage and disease.**° In pa- 
tients with T1DM, mimicry related to viral infection has been pro- 
posed on the basis of sequence homology between GAD-65, an en- 
zyme concentrated in pancreatic B cells,’ and coxsackievirus 
P2-C, an enzyme involved in the replication of coxsackievirus 
B.' Although cross-reactivity between coxsackievirus P2-C and 
GAD-65 has been demonstrated in mice, and an immune response 
to the homologous peptides is generated by immunization of mice 
with full-length P2-C proteins,’ cross-reactivity between GAD 
and coxsackievirus P2-C has not been consistently found in studies 
of T cells or serum antibodies from patients with diabetes. "°° 
Furthermore, a search of databases identified 17 viruses with some 
homology to various fragments of GAD-65,* indicating that cross- 
reactivity between GAD-65 and coxsackieviruses is not unique.*** 

Poliovirus vaccine, the only currently available enterovirus 
vaccine, can theoretically modulate the protection against other en- 
teroviruses by inducing cross-reactive T-cell immune responses.*“” 
Enterovirus-specific cellular immunity was recently studied in 
Estonian and Finnish children, with the aim of evaluating the level 
of responsiveness in two neighboring countries that have different 
poliovirus immunization practices and striking differences in the 
incidence of TIDM.*“* The results showed that Finnish children 
have weaker cellular immunity against enteroviruses at the age of 
9 months compared with Estonian children at the same age. This 
was most probably due to the difference in polio vaccination sched- 
ules; in Estonia live poliovirus vaccine is used and given at earlier 
ages than the inactivated vaccines in Finland; the result is stronger 
T-cell immunity, which cross-reacts with other enterovirus sero- 
types. This might explain the lower incidence of TIDM in Estonia 
if live poliovirus vaccine provides effective protection against dia- 
betogenic enterovirus strains in Estonian children. In another study, 
the cellular immune response to enterovirus antigens was abnormal 
in children who tested positive for T] DM-associated autoantibod- 
ies,’ and these results showed that the increased responses to 
virus-infected cell lysates were associated with the early phases of 
B-cell autoimmunity. 


TABLE 20-9. Examples of Molecular Mimicry Potentially Related 
to Type 1 Diabetes 


Pancreatic Antigen Foreign Antigen 

Insulin (LAA) p73 protein of mouse endogenous retrovirus 
GAD PC2 protein of coxsackie virus 

ICA69 ABBOS peptide of bovine serum albumin 
38K Cytomegalovirus 

52K Rubella virus 
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Lymphocyte proliferation responses to enterovirus antigens 
were analyzed in 41 children with new-onset TLDM, 23 children 
with TIDM for 4-72 months, and healthy control children in sub- 
groups matched for HLA-DQBI risk alleles, sex, and age.*“ Data 
from this study suggested that T-cell responses to coxsackievirus 
B4 proteins, particularly to the antigens containing the nonstruc- 
tural proteins of the virus, are increased in children with TIDM 
after the onset of the disease. However, in children with new-onset 
diabetes, responses were normal or even decreased. This phenome- 
non was specific for enteroviruses and could be caused by trapping 
of enterovirus-specific T cells in the pancreas. The currently avail- 
able information supports the assumption that the role of en- 
terovirus infections may be more important than previously esti- 
mated. Enterovirus infections are associated with increased risk of 
TIDM, but whether this association reflects a causal relationship 
remains to be determined. 

In contrast to mumps and coxsackievirus, there is general 
agreement that congenital rubella infection causes T1DM in later 
life. The incidence of diabetes in the congenital rubella syndrome 
has not been definitely determined and may vary between different 
populations, but it appears to average approximately 10-20%.°” 
Most importantly, the diabetes induced by rubella is similar genet- 
ically and immunologically to the T1DM occurring spontaneously 
in the absence of rubella, namely, susceptibility appears to be ge- 
netically associated with HLA-B8 and -DR3, and relative protec- 
tion is associated with HLA-DR2.°® The viral infection appears to 
trigger an immune response directed against the B cells because 
both islet cell antibodies and insulin autoantibodies are commonly 
found in these patients.” These similarities suggest that the dia- 
betes associated with congenital rubella is not etiologically distinct 
but that rubella virus triggers at least some of the same mechanisms 
that are operative in most spontaneous cases of T1DM. 

Rubella virus has also been demonstrated to infect human 
B cells and to result in impaired insulin production,” and there is 
antigen homology between a rubella virus capsid protein and an 
epitope in an unidentified 52-kd islet protein.” The similarity be- 
tween these findings and those previously summarized for cox- 
sackievinis make it tempting to speculate that molecular mimicry 
may be applicable to both viruses. Ou and coworkers**” examined 
cross-reaction between virus antigens and B-cell protein determi- 
nants to understand further the potential role of this mechanism in 
T1DM. Cellular immune responses to a panel of human B-cell pro- 
tein peptides (GAD-65, GAD-67, and a 38-kd protein) and to a 
panel of peptides of viral proteins (rubella virus E1, E2 and C, cox- 
sackie B4 virus P2-C) were studied in 60 TIDM subjects. Amino 
acids (252-266) induced responses of patients with recent-onset 
diabetes in proliferation assays at the highest frequency (77%), 
whereas GAD-67 (212-226) stimulated cellular responses at the 
highest rate (61%) in patients with late-onset diabetes. Rubella 
virus El (RVE1; 157-176) was recognized by all groups of pa- 
tients at the highest frequency and with the largest amplitude 
among the viral peptides tested. T-cell clones specific to GAD-65 
(252-266), GAD-65 (274-286), or GAD-67 (212-226) were tested 
in cytotoxicity assays for their responses to rubella virus peptides. 
Each of these T-cell clones cross-reacted with two to four rubella 
virus peptides, including RVEI (157-176) and rubella virus E2 
(RVE2; (87-107), again supporting a potential role for molecular 
mimicry. 

Recent data have reported an association of rotavirus infection 
and TI1DM.*©83® Rotavirus, the most common cause of childhood 
gastroenteritis, contains peptide sequences highly similar to T-cell 
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epitopes in the islet autoantigens GAD and tyrosine phosphata: 
1A-2 (IA-2), suggesting that rotavirus could also trigger islet aut 
immunity by molecular mimicry. Honeyman and colleagues™ć®? 
sought an association between rotavirus infection and islet aut 
antibody markers in children at risk for diabetes who were followe 
from birth. There was a specific and highly significant associatic 
between rotavirus seroconversion and increases in three antibodie 
86% of antibodies to IA-2, 62% to insulin, and 50% to GAD fir 
appeared or increased with increases in rotavirus IgG or IgA. It ay 
pears that rotavirus infection may trigger or exacerbate islet aut 
immunity in genetically susceptible children. However, rotavirt 
infection is ubiquitous, occurring in all children, and hence the spe 
cific role in the small percentage that develop T1DM, usually man 
years later, is not clear. 

With the exception of diabetes associated with congeniti 
rubella infection, the large amount of research investigating a vir: 
component to the etiology of human T!IDM has raised as man 
questions as have been answered. Several different mechanism 
have been suggested (Table 20-8), and these may not be mutuall 
exclusive. Viral infections can directly damage B cells. Massive an: 
sudden B-cell destruction may occasionally cause T1DM, wherea 
a smaller degree of injury may provide the initial insult that acti 
vates dormant autoimmune responses or the final insult to B cell 
previously damaged by a long autoimmune attack. It is also ver 
likely that viral infections can act as a nonspecific, precipitatin; 
factor by causing insulin resistance and increased insulin needs. I 
prior B-cell damage and destruction make it impossible to meet th: 
increased insulin demand, clinical diabetes would ensue. 

Molecular mimicry, as discussed earlier, is considered the mos 
attractive mechanism: viral infections might trigger subsequen 
immune-mediated B-cell destruction. The process of molecula 
mimicry and the use of transgenic models in which viral and hos 
genes can be manipulated to analyze their effects in causing auto: 
immunity have been particular objects of research.?”° For example 
there is a transgenic murine model of virus-induced autoimmune 
disease, in which a known viral gene is selectively expressed as < 
self-antigen in B cells of the pancreas. In these mice, insulin- 
dependent diabetes develops after either a viral infection, the re- 
lease of a cytokine such as IFN-vy, or the expression of the cost- 
imulatory molecule B7.! in the islets of Langerhans. Recent 
studies using this model have contributed to the understanding ol 
the pathogenesis of virus-induced autoimmune disease and have 
furthered the design and testing of novel immunotherapeutic ap- 
proaches.?”°*”' Perhaps the most convincing evidence supporting 
this mechanism comes from transgenic mice expressing LCMV 
in their B cells.78°7*’ Animals are tolerant to the transgene and re- 
main nondiabetic until infected with the virus exogenously. They 
then develop an immune response to LCMV, severe insulitis, and 
TIDM.™ 

Viral infections may also protect against T1DM. Infection with 
a nondiabetogenic strain of a virus can elicit an immune response 
that protects against subsequent infection with a diabetogenic 
strain, as demonstrated for EMC virus.*”* Viral infections can also 
directly affect the immune system and result in resistance to 
T1DM. In both the NOD mouse and BB rat, infection with a lym- 
photropic virus confers protection against the development of dia- 
betes. In the BB rat, Kilham’s rat virus appears to affect the im- 
mune system directly and to increase the population of immune 
cells mediating the T1DM.*”* von Herrath and colleagues?” have 
recently described an intriguing approach to the prevention of auto- 
immune disease, in which a DNA vaccine encoding a self-antigen 
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is used to abrogate autoimmune diabetes. The success of this strat- 
egy relies on the nature of the immune response induced by the 
DNA vaccine. Finally, environmental factors that alter B-cell activ- 
ity may alter the B-cell susceptibility to injury and/or alter the 
B cells’ repair mechanisms. It has been demonstrated that stimu- 
lated B-cells are more susceptible to cytokine-induced inhibition of 
insulin secretion and cytotoxicity,”'**"* and recovery from a brief 
exposure to streptozotocin is improved by culturing islet cells in a 
high glucose-containing medium.*”° 


SUMMARY 


Dramatic advances have been made in recent years in our under- 
standing of the pathogenesis of T1DM. Using this information plus 
genetic and immunologic measurements, nondiabetic individuals 
can now be identified who are at high risk of subsequent clinical 
TIDM. In turn, this ability to identify high-risk subjects and to pre- 
dict subsequent clinical TIDM plus knowledge of pathogenic 
mechanisms has set the stage for large-scale intervention trials to 
test whether T1DM can be prevented (the Diabetes Prevention 
Trial-Type 1 [DPT-1]; the European Nicotinamide Diabetes Inter- 
vention Trial [ENDIT]; the Finnish Diabetes Type 1 Prediction and 
Prevention Project [DIPP]; and the Trial to Reduce IDDM in Ge- 
netically at Risk [TRIGR]). The long-term goal of researchers 
working in this field may soon be realized; the TIDM disease 
process may be susceptible to interruption, and some people may 
be prevented from developing clinical T1DM. 
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CHAPTER 21 


The Pathophysiology and Genetics 


of Type 2 Diabetes Mellitus 


Steven E. Kahn 
Daniel Porte, Jr. 


Both fasting hyperglycemia and excessive increases in glucose 
concentration following oral glucose loading are criteria for the 
diagnosis of type 2 diabetes mellitus (T2DM). In both the post- 
absorptive and fed states, three important defects have been 
demonstrated in subjects with T2DM: (1) impaired basal and stim- 
ulated insulin secretion, (2) an increased rate of endogenous hepa- 
tic glucose release, and (3) inefficient peripheral tissue glucose use. 
In this chapter we will review the closed feedback loop comprising 
the pancreatic islet, liver, and peripheral tissues, which together are 
responsible for the regulation of plasma glucose. Then we will de- 
scribe the nature of the three major defects observed in T2DM and 
how they interact in the pathophysiology of hyperglycemia. We 
will use this same feedback loop to provide a perspective of how 
the different therapeutic interventions act to alter the steady-state 
glucose level. Finally, we will discuss studies of the genetic basis 
for hyperglycemic syndromes including type 2 diabetes, maturity- 
onset diabetes of the young (MODY), and other rare genetic forms 
of T2DM. 


NORMAL PHYSIOLOGY OF 
GLUCOSE REGULATION 


The maintenance of a stable fasting plasma glucose level is de- 
pendent on a closed feedback loop relationship between the circu- 
lating glucose level and the pancreatic islet hormones (Fig. 21-1). 
After an overnight fast, glucose is produced largely in the liver by 
glycogen breakdown and gluconeogenesis, and the rate of produc- 
tion is dependent on the availability of hepatic glycogen and gluco- 
neogenic precursors. About 80% of this glucose released by the 
liver is metabolized independent of insulin by the brain and other 
insulin-insensitive tissues, such as the gut and red blood cells. 
Insulin-sensitive tissues, such as muscle and fat, use only small 
quantities. A number of neural and hormonal influences regulate 
hepatic glucose production, and in the presence of adequate 
amounts of insulin, the glucose level itself can regulate hepatic glu- 
cose release.'? Short-term hormonal regulators of physiologic im- 
portance include insulin, glucagon, and the catecholamines; a more 
long-term influence on hepatic glucose production is provided by 
growth hormone, thyroid hormone, and glucocorticoids. 

The liver is exquisitely sensitive to changes in insulin and 
glucagon levels, which, due to the fact that these hormones drain 


directly into the liver, are ideally suited to regulate moment-to- 
moment changes in hepatic glucose output. A reduction in insulin 
concentration removes the inhibitory effect of insulin on the liver 
and permits a slow rise in hepatic glucose production and the de- 
velopment of hyperglycemia.’ On the other hand, a decrease in the 
glucagon level reduces glucose production by the liver and is asso- 
ciated with a concomitant fall in plasma glucose level.** Restora- 
tion of the original plasma glucose level will occur if the feedback 
loop is intact due to the effect of the glucose level to in turn regu- 
late pancreatic insulin and glucagon secretion. In situations in 
which peripheral insulin sensitivity changes, this will also be re- 
flected by a change in plasma glucose level. For example, if pe- 
ripheral glucose use decreases, a rise in the fasting plasma glucose 
level will occur, to which the pancreatic islet will appropriately 
modify its secretion by reducing glucagon output by the a cell and 
increasing insulin secretion by the B cell. These secretory changes 
will reduce the rate of hepatic glucose output so that the glucose 
level will tend to be restored to near normal. In instances in which 
peripheral glucose use rises, the opposite will occur, so that hepatic 
glucose production will increase and glucose level will once again 
return toward normal. It is important to realize that complete islet 
adaptation cannot occur; otherwise no stimulus for the changes in 
insulin and glucagon secretion would be present. Thus. when tissue 
insulin sensitivity changes, a new steady-state glucose level results, 
at a value somewhere between that expected for the change in in- 
sulin action and that expected for the change in pancreatic hormone 
secretion, with the exact level depending on islet a- and B-cell re- 
sponsiveness and sensitivity to glucose. 

Following food ingestion, plasma glucose excursions are mini- 
mized by the islet. This is accomplished by a reduction in hepatic 
glucose production and an increase in peripheral glucose uptake. 
These changes in glucose metabolism arise as a result of alterations 
in insulin and glucagon secretion, which are regulated on a minute- 
to-minute basis by an interaction between glucose, amino acids, 
and the gut hormones. Glucose is the key regulator of the islet in 
this system since it not only regulates insulin and glucagon secre- 
tion directly, but it also modulates responses to the other substrates 
as well as gut hormones and neural factors released during nutrient 
ingestion (see Chap. 4). 

From this descnption it is clear that when the feedback loop is 
functional, interpretation of any isolated aspect of this glucose 
homeostatic mechanism cannot be meaningfully performed without 
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FIGURE 21-1. A model for the normal steady-state regulation of plasma 
glucose level. Plasma glucose has direct effects on the pancreas to modulate 
insulin and glucagon secretion as well as interacting with nonglucose stim- 
uli to modify a- and B-cell responses to these stimuli. During hyper- 
glycemia, insulin secretion is increased and glucagon secretion reduced. 
When hypoglycemia prevails. glucagon secretion is enhanced and insulin 
secretion is diminished. Glucagon stimulates hepatic glucose production. 
Insulin inhibits glucose release by the liver and stimulates glucose use in 
insulin-sensitive tissues. Glucose uptake by the brain is insulin independent, 
but in the periphery glucose uptake by fat and muscle is enhanced by in- 
sulin. Any change in hormone or substrate concentration or glucose use will 
be modulated by the loop in order that glucose use and production remain 
balanced. The plasma glucose level at which this occurs is determined by 
the efficiency with which the peripheral tissues take up glucose, the rate of 
hepatic glucose production, and islet a- and B-cell responsiveness to glu- 
cose. (Adapted, with permission, from Porte.” ) 


taking into account all of the participating variables. Thus it is 
vitally important that comparisons of islet secretory function, he- 
patic glucose output, or peripheral tissue glucose uptake between 
different groups of individuals be performed at similar hormonal 
and substrate levels or that differences in these levels be taken into 
account. Failure to do so could lead to a gross misinterpretation of 
the status of these various components of the feedback loop. 


PATHOPHYSIOLOGY OF ISLET DYSFUNCTION 
IN T2DM 


Basal Insulin Secretion 


Fasting plasma insulin levels in patients with T2DM, as compared 
with nondiabetic controls, have been reported as low, normal, and 
elevated.~'” However, as is evident from the closed feedback loop 
relationship just described, it is important that type 2 diabetic pa- 
tients be adiposity (insulin resistance)-matched and have their in- 
sulin levels evaluated at matched plasma glucose concentrations. 
Such evaluations have been performed in two ways. Glucose has 
been infused into normal subjects to match their glucose levels 
with those of diabetic subjects, and diabetic individuals have had 
their glucose levels lowered to achieve normoglycemia by means 
of an insulin infusion followed by an insulin washout period. 
Under these conditions the resulting steady-state insulin levels in 
diabetic patients are lower than those of weight-matched and pre- 
sumably insulin sensitivity-matched controls.''!? Use of such 
methods has unmasked a deficiency of basal insulin secretion in 
patients with T2DM.' It appears, therefore, that in T2DM there is 
a fundamental decrease in B-cell responsiveness to the prevailing 
plasma glucose level, but that the effect of the resultant hyper- 
glycemia is to stimulate basal insulin output to the point where the 


insulin levels will often appear normal or, if insulin resistance is 
present, may even be higher than those of normal lean subjects. 
Insulin release is not simply a continuous process, but rather 
it has both pulsatile and oscillatory characteristics. Pulsatile in- 
sulin secretion has been demonstrated in healthy subjects, with dis- 
tinct pulses occurring approximately every 10-15 minutes (Fig. 
21-2A)." These pulses occur on a background of longer oscilla- 


FIGURE 21-2. A. Two-hour plasma insulin profile in a healthy nondiabetic 
subject. From samples drawn every minute, it is apparent that insulin is re- 
leased in regular pulses every 12-15 min. B. Twenty-four-hour insulin se- 
cretion profile in a healthy nondiabctic subject. Meals were eaten at 0900, 
1300, and 1800 hours. The arrows indicate statistically significant pulses of 
secretion occurring approximately every 105-120 minutes during the wak- 
ing hours (0900-2300 hours) and approximately cvery 180 minutes in the 
subsequent 10 hours during sleep. (A. Reprinted with permission from 
O'Rahilly et al.” B. Reprinted with permission from Polonsky et al.’*) 
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lions with cycles approximately every 120 minutes (Fig. 21-2B).'* 
Examination of these patterns reveals both to be abnormal in sub- 
jects with T2DM and in individuals at high risk for developing the 
disease.'*'*'* Although the exact cause of these abnormalities has 
not been determined, it would appear that the derangement in pul- 
satile secretion is likely to be intrinsic to the pancreatic B cell. 
since isolated islets have been found to have an intrinsic pacemaker 
that stimulates pulsatile insulin release in vitro with a periodicity 
similar to that observed in vivo.” 

Comparisons of basal insulin secretion in type 2 diabetic sub- 
jects and normal individuals may be confounded by the fact that 
proinsulin cross-reacts in conventional insulin radioimmunoassays. 
Using a radioimmunoassay specific for insulin, it has been shown 
that proinsulin and proinsulin intermediates contribute an average 
of twice as much to basal insulin immunoreactivity (approximately 
30%) in subjects with T2DM as in healthy subjects (approximately 
15%).°°-* Thus depending on the assay the true insulin levels in 
these patients may be actually lower than those measured as im- 
munoreactive insulin. 


Glucose-Stimulated Insulin Secretion 


Although measurement of plasma glucose levels during the oral 
glucose tolerance test provides a method for the diagnosis of 
T2DM, the use of this test as a means of assessing B-cell function 
in patients with this disorder is somewhat problematic. This is be- 
cause it is difficult to control factors such as gastric emptying time, 
gut hormone secretion rates, and the differences in glucose levels, 
which are important variables during the test. Thus, although some 
patients with T2DM will demonstrate an exaggerated insulin re- 
sponse late in the oral test,” this seems to be the result of an early 
deficient response leading to the markedly increased glucose levels 
that provide both a prolonged and exaggerated stimulus to the 
B cell.” However, the magnitude of the insulin response over the 
first 30 minutes following oral glucose administration is reduced in 
both T2DM and impaired glucose tolerance (Fig. 21-3A). In fact, 
in subjects with reduced glucose tolerance. small changes in the 
magnitude of this response can have dramatic effects on glucose 
tolerance (Fig. 21-3B).”° 

Use of an intravenous glucose challenge avoids many of the 
complicating variables associated with oral glucose tolerance test- 
ing. Using this test, T2DM has been shown to be characterized by 
total absence of the acute or first-phase insulin response measured 
during the first 10 minutes following intravenous glucose adminis- 
tration (Fig. 21-4). Loss of this response can be documented at a 
fasting plasma glucose level above 115 mg/dL (6.4 mmol/L; 
Fig. 21-4). Some individuals with the highest fasting plasma 
glucose levels have even been observed to have an absolute de- 
crease below basal insulin levels following the administration of an 
intravenous glucose challenge.” The insulin response after the first 
10 minutes is called the second phase. Like the fasting insulin 
level, it is a function of the prevailing fasting glucose level. Thus, 
in subjects whose fasting plasma glucose levels are less than 200 
mg/dL (11.1 mmol/L), second-phase insulin responses may appear 
normal or even increased in some patients with obesity and insulin 
resistance (Fig. 21-5).'* However, when comparisons are made to 
adiposity-matched normal subjects at equal plasma glucose levels, 
it is apparent that second-phase insulin secretion is also decreased 
in type 2 diabetic patients. Once plasma glucose levels rise above 
200-250 mg/dL (11.1-13.9 mmol/L), glycosuria ensues, thus pre- 
venting a sufficient rise in glucose level to compensate for the 
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FIGURE 21-3. Ratio of the incremental responses of immunoreactive in- 
sulin (AIRI) and glucose (AG) over the first 30 minutes following oral glu- 
cose ingestion in 94 Japanese-American subjects with varying glucose tol- 
erance. A. Of the 94 subjects, 56 had normal glucose tolerance, 10 impaired 
glucose tolerance, and 28 T2DM. Significant decreases in the AIRI/AG 
(p <0.0001) occurred with decreasing glucose tolerance. B. Relationship 
between the ratio of the incremental immunoreactive insulin and glucose 
responses (AIRI/AG) over the first 30 minutes following oral glucose inges- 
tion and glucose tolerance, the latter determined as the incremental glucose 
area (AUC G) during the oral glucose tolerance test. Subjects with normal 
glucose tolerance (O). impaired glucose tolerance (0), and T2DM (A) are 
indicated. The relationship between these variables is nonlinear with an r° 
value of 0.38 (p <0.0001). (Reprinted with permission from Kahn et al.7*) 


impaired insulin secretion. Therefore, patients with fasting plasma 
glucose levels above 250 mg/dL (13.9 mmol/L) are usually ab- 
solutely insulin deficient and their second-phase responses are 
characterized by absolute reductions in insulin release.'* These 
individuals have been termed as having decompensated type 2 
diabetes. 

The regulation of insulin secretion by glucose can also be stud- 
ied during an oscillating glucose infusion. When the periodicity of 
the glucose oscillations is varied, the B cell can be stimulated to os- 
cillate in concert with these exogenous glucose cycles.'® An inabil- 
ity to entrain is another marker of B-cell dysfunction present in 
subjects with T2DM. This lack of stimulation has also been 
demonstrated in subjects with impaired glucose tolerance, consis- 
tent with an early abnormality of B-cell function in these individu- 
als (Fig. 21-6). 
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FIGURE 21-4. Relation between incremental acute (3- to 5-minute) insulin 
response and fasting glucose level in normal and type 2 diabetic subjects. 
(Reprinted with permission from Bounzell et al.””) 


Non-Glucose-Stimulated Insulin Secretion 


Administration of one of a variety of nonglucose stimuli, such as 
the amino acid arginine,'* the gastrointestinal hormones secretin”? 
or glucagon-like peptide 1 (GLP-1),*! the B-adrenergic agent iso- 
proterenol,”” or the sulfonlyurea tolbutamide,” is also followed 
by an acute insulin response.” In type 2 diabetic patients with a 
fasting plasma glucose level less than 200 mg/dL (11.1 mmol/L), 
the acute insulin response to any of these secretagogues is of nor- 
mal magnitude when subjects are matched for body adiposity 
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(Fig. 21-7). However, as is the case for basal and second- 
phase insulin secretion, the elevated plasma glucose level appears 
to be responsible for the maintenance of these apparently normal 
insulin responses to nonglucose stimuli. When plasma glucose 
levels are matched by either a glucose infusion in normal subjects 
or an insulin infusion in type 2 diabetic subjects, the acute insulin 
response to a nonglucose stimulus is also found to be reduced in 
diabetic subjects (Fig. 21-8).''*? This regulatory effect of glucose, 
termed glucose potentiation, can be expressed as the slope of the 
line relating the acute insulin response to a nonglucose secreta- 
gogue as a function of plasma glucose level between 100 and 
250 mg/dL (5.6 and 13.9 mmol/L). Type 2 diabetic subjects with 
fasting hyperglycemia have been shown to have a much flatter 
slope of potentiation than normal individuals.'' 

At a glucose level above 450 mg/dL (25.0 mmol/L) both nor- 
mal and diabetic subjects reach their maximal acute insulin re- 
sponses, termed AIRmax (Fig. 21-8).*? The observed reduction in 
maximal responsiveness in diabetic subjects denotes a decrease in 
insulin secretory capacity. The similarity of the glucose level giv- 
ing a half-maximal response (PGso) in both diabetic and healthy in- 
dividuals indicates an equivalent B-cell sensitivity to glucose.” 
However, AIRmax has a curvilinear relationship to the fasting 
plasma glucose level (Fig. 21-9).** Thus there is already a reduc- 
tion of 50-75% in secretory capacity by the time the diagnostic 
level of hyperglycemia is reached. 


Basal and Stimulated Glucagon Secretion 


Abnormalities of glucagon secretion have also been demonstrated 
in T2DM. The normal regulation of glucagon release is not en- 


FIGURE 21-5. Insulin release in response 
to intravenous administration of glucose 
in normal and type 2 diabetic subjects. 
Mean fasting plasma glucose concentra- 
tions: normal subjects, 85 + 3 mg/dL 
(4.740.2 mmol/L); diabetic subjects, 
160+(10 mg/dL (5.9 + 0.6 mmol/L). 
Note the relative preservation of the sec- 
ond-phase insulin response in type 2 dia- 
betic subjects. (Reprinted with permission 
from Pfeifer et al.'*) 
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FIGURE 21-6. Entrainment of insulin secretion by glucose in subjects with normal glucose tolerance (left panel), 
impaired glucose tolerance (middle panel), and T2DM (right panel). Profiles of the glucose infusion rate, glu- 
cose and insulin concentrations, and the derived insulin secretory rates are illustrated for a typical subject from 
each group. Studies for each individual are shown during a slow oscillatory infusion with periods of 144 minutes. 
In the control subject, the increase in amplitude of the glucose oscillations is accompanied by an increase in in- 
sulin secretory rate oscillations, while in the subjects with impaired glucose tolerance and T2DM., the amplitude 
of the insulin secretory rate oscillations did not increase with the increase in amplitude of the glucose oscillations. 


(Reprinted with permission from O’Meara et al.’*) 


tirely understood but appears to be dependent on inhibition of the 
a cell by glucose or insulin alone or by insulin and glucose to- 
gether (see Chap. 7).*° Bearing this in mind, type 2 diabetic pa- 
tients with plasma glucose levels below 250 mg/dL (13.9 mmol/L) 
have been shown to have apparently normal basal plasma glucagon 
levels.** Though matching of plasma glucose levels does not pro- 


vide evidence as to whether glucose or insulin regulation of the 
a cell is impaired, it has demonstrated that these normal glucagon 
levels are inappropriately elevated for the prevailing hyper- 
glycemia.” 

The glucagon response to an intravenous glucose challenge is 
also abnormal in type 2 diabetic patients. Although bolus admin- 


FIGURE 21-7. Insulin responses to the nonglucose stimulant arginine in normal and type 2 diabetic subjects. 
Mean fasting plasma glucose concentrations: normal subjects, 85 + 3 mg/dL (4.7 + 0.2 mmol/L}; diabetic sub- 
jects. 172 + 9 mg/dL (9.6 + 0.5 mmol/L). The insulin responses to arginine were not statistically different in the 
two groups. (Reprinted with permission from Pfeifer et al.) 
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FIGURE 21-8. A comparison of acute insulin responses to 5 g IV arginine 
(mean 2- to 5-minute insulin increment) at tive matched plasma glucose 
levels in eight patients with T2DM and in eight controls of similar age and 
body weight. The slope of potentiation is the lincar portion of the relation 
between plasma glucose (100-250 mg/dL, 5.5-13.9 mmol/L) and the acute 
insulin response. It is much flatter in the diabetic group. The maximal in- 
sulin response, a measure of B-cell secretory capacity, is the response at a 
glucose concentration greater than 450 mg/dL (25 mmol/L). It is also much 
lower in the diabetic group. The half-maximal glucose level, a measure of 
glucose sensitivity of the B cell, is between 150 mg/dL (8.3 mmol/L) and 
200 mg/dL (11.1 mmol/L) and is unchanged in the diabetic group. 
(Reprinted with permission from Ward et al.” ) 


istration of intravenous glucose results in normal suppression of 
glucagon release, this suppression is a slow phenomenon. Al- 
though there may be less insulin present, glucose disposal rates 
are lower and therefore a higher glucose level prevails, causing 
only what appears to be a normal suppressive response. That this 
is indeed the case is demonstrated by the fact that during a glu- 
cose infusion, glucagon levels are elevated at a variety of matched 
glucose levels in type 2 diabetic subjects as compared to con- 
trols.™ In addition, the magnitude of the acute glucagon response 
to amino acid stimulation is greater at all glucose levels in type 2 
diabetic subjects (Fig. 21-10).7? This is consistent with an abnor- 
mality in glucose and/or insulin regulation of a-cell secretory 
function. 

Assessment of a-cell secretory function by oral glucose toler- 
ance testing is, as in B-cell evaluation, confounded by the inability 
to control the plasma glucose level, the rate of gastric emptying, 
and gut peptide secretion. Despite these caveats, when oral testing 
is performed, defects in a-cell function are often more apparent 
than B-cell defects. Following carbohydrate ingestion, a gross ab- 
normality in glucagon secretion is apparent in type 2 diabetic sub- 
jects, who may even demonstrate a paradoxical increase rather than 
the usual suppression observed with hyperglycemia.” Further- 
more, ingestion of a pure protein meal produces an exaggerated 
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FIGURE 21-9. Curvilincar relationship between B-cell secretory capacity 
(AIRmax) and fasting plasma glucose in nine subjects with T2DM (@) and 
ten subjects with normal glucose tolerance (©). There is a broad range of 
B-cell secretory capacity in the healthy subjects due to large differences in 
insulin sensitivity while in the subjects with T2DM. the range is narrower 
as a manifestation of the impaired islet function. The nonlinear relationship 
between these two parameters (r = —0.76; p <0.0001) demonstrates that 
the degree of B-cell function is a determinant of the fasting glucose level. 
This relation predicts that a relatively large initial loss of B-cell function 
should result in only a small increase of fasting plasma glucose level. How- 
ever, further small declines in B-cell function would lead to much larger in- 
creases of glucose level. (Adapted from Roder et al.) 


glucagon response in type 2 diabetic patients regardless of whether 
their fasting glucose levels are normal or elevated.”® 

Thus it appears that an abnormality in a-cel! function is pres- 
ent in most patients with T2DM. At the present time, however, it is 
unclear whether this abnormality results from reduced insulin reg- 
ulation of the a cell, diminished glucose sensing, or a combination. 


FIGURE 21-10. A comparison of acute glucagon responses to arginine as a 
function of glucose level in eight normal subjects and in eight paticnts with 
T2DM. (Reprinted with permission from Ward et al") 
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Nature of the Islet Lesion in T2DM 


Although it is clear that islet dysfunction is present in T2DM, it is 
still not certain whether the defects in insulin secretion are the re- 
sult of a reduction of B-cell mass, dysfunction of a normal number 
of B cells, or some combination. In addition, as the normal physio- 
logic regulation of glucagon secretion is incompletely understood, 
the contribution of the B-cell defect to a-cell dysfunction is also 
not entirely clear. 

Examination of B-cell mass, islet size, and islet characteristics 
in postmortem studies of type 2 diabetics have been performed by 
a number of investigators. Direct quantification of B-cell mass 
is difficult due to postmortem changes, but most studies have 
demonstrated that the islets in affected individuals are smaller and 
that B-cell mass is decreased by 40-60% compared to appropri- 
ately matched nondiabetic subjects.” Although islet size is re- 
duced, it appears that this loss of volume is due purely to the 
change in B-cell mass since no significant reduction in a, 6, and PP 
cells has been documented in T2DM. Although the precise etiology 
of this B-cell mass reduction is unknown, changes in islet morphol- 
ogy, including islet fibrosis and amyloid deposition, have been 
demonstrated,” the latter evidently due to deposition of a second 
B-cell-specific peptide called islet amyloid polypeptide (IAPP) or 
amylin.***' [APP may be a significant factor in the pathogenesis of 
the B-cell loss of T2DM in that the amyloid deposits appear to re- 
place the B cells specifically (see Chap. 17). Although the human 
peptide has a predilection to form amyloid at high concentrations 
in vitro,” the mechanism underlying its propensity to deposit in the 
islets of individuals with T2DM is not understood. The peptide is 
normally cosecreted with insulin,’ but it does not appear that sim- 
ple overproduction under conditions of increased B-cell secretory 
demand can explain amyloid formation, as obese individuals with- 
out diabetes are no more likely to have amyloid than lean subjects. 
Furthermore, studies in transgenic mice overproducing human 
LAPP failed to demonstrate amyloid” until they were treated with a 
high-fat diet"? or were made markedly insulin resistant by cross- 
breeding them with lines of genetically modified insulin-resistant 
mice.*©*” Perhaps the demonstration in neonatal rat islet cultures*® 
and isolated human islets” of a dissociation of insulin and IAPP 
secretion due to the isolated release of [APP through the constitu- 
tive secretory pathway,” the finding of amyloid fibrils in trans- 
genic islets expressing human IAPP exposed to severe hyper- 
glycemia in vitro,°° the toxic effect of amyloid fibrils,*?>! and the 
presence of other components such as the heparan sulfate proteo- 
glycan perlecan*”>? may be important clues to the mechanism(s) 
underlying islet amyloid formation. 

Although it is difficult to evaluate the effect of a 50% reduction 
of B-cell mass in humans: an animal study suggests that this 
amount of cell loss alone is insufficient to result in fasting hyper- 
glycemia and the insulin secretion abnormalities observed in 
T2DM.™ Therefore, it appears that the development of fasting hy- 
perglycemia and defective secretory responses requires either a 
greater loss of B-cell mass or a 50% reduction in mass along with 
dysfunction of the remaining cells or insulin resistance. 

In an attempt to clarify whether larger degrees of B-cell loss 
can reproduce the features of T2DM, animal models have been cre- 
ated by either pancreatectomy or neonatal administration of strep- 
tozocin. Removal of two-thirds of a canine pancreas does not result 
in fasting hyperglycemia, nor is the classic loss of first-phase in- 
sulin release observed. Although the insulin response to non- 
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glucose secretagogues is present, at matched glucose levels the 
magnitude of this response is reduced, as is the slope of glucose 
potentiation, indicating that this measure is a sensitive indicator of 
B-cell mass reduction. In rodents, a 60% pancreatectomy had simi- 
lar effects, with an unchanged fasting glucose level and a reduced 
glucose potentiation slope.° > Only when islet mass was reduced by 
90% were hyperglycemia and insulin secretory responses similar to 
those observed in T2DM seen.°**’ However, a-cell function could 
not be tested due to the marked reduction in glucagon secretion, 
implying that this model does not precisely replicate the islet lesion 
of T2DM. With neonatal streptozocin administration, abnormal 
glucose-regulated a-cell secretion has been demonstrated, but the 
glucagon response to arginine is unlike that of T2DM in that the 
magnitude of the response is reduced, rather than increased. when 
compared to controls.’ This same model of B-cell mass loss is as- 
sociated with a loss of first-phase insulin secretion, but the re- 
sponse to arginine administration does not simulate that observed 
in type 2 diabetes,” in that it is increased at low glucose concentra- 
tions and reduced at high glucose levels. Thus, neither surgical re- 
duction of B- and a-cell mass nor cytotoxic B-cell destruction 
can produce an exact model of the insulin- and glucagon secre- 
tory abnormalities found in human T2DM. 

Models of islet dysfunction have been created in normal human 
subjects by the prolonged administration of cyclic somatostatin or 
an analogue of this peptide. When normal human subjects received 
a cyclic somatostatin infusion together with glucagon replacement 
for 2 days, the observed metabolic derangements were fairly simi- 
lar to those in type 2 diabetic subjects: fasting hyperglycemia with 
near-normal basal insulin levels, markedly diminished first- and 
second-phase insulin responses to glucose, a preserved insulin 
response to a nonglucose secretagogue, and increased glucose 
turnover.” Healthy individuals who were treated for 8 days with a 
somatostatin analogue without glucagon replacement also devel- 
oped fasting hyperglycemia, markedly impaired first- and second- 
phase responses to glucose, and a preserved insulin response to 
arginine.” However, this latter study demonstrated that although 
the B-cell dysfunction produced by somatostatin closely mimics 
many of the features of T2DM, the mechanism by which it does 
this is different. B-Cell secretory capacity (AIRmax) remains un- 
changed while the sensitivity to glucose (PGso) is impaired—the 
reverse of T2DM. Whether some combination of the type of islet 
dysfunction produced by somatostatin together with a reduction in 
islet mass can duplicate the a- and B-cell defects of T2DM is as yet 
unknown. 

The theory that overactivity of the a-adrenergic component of 
pancreatic sympathetic innervation could also contribute to the 
pathogenesis of T2DM has been suggested by the finding that 
phentolamine, which blocks the a-adrenergic system, can partially 
restore the acute insulin response to glucose and the ability of glu- 
cose to potentiate insulin secretion in these patients.°'-°? However, 
similarly to somatostatin, elevated catecholamines do not change 
B-cell secretory capacity (AIRmax) but impair B-cell sensitivity to 
glucose (PGsy).© Furthermore, the mildly elevated catecholamine 
levels documented in some diabetic subjects offer additional sup- 
port for enhanced activity of the a-adrenergic nervous system under 
some conditions (see Chap. 8).°' Two other inhibitory peptides, 
galanin and pancreastatin, have been isolated in pancreatic tis- 
sue.*** Galanin has been demonstrated in pancreatic sympathetic 
nerves in dogs.™ Intravenous administration of these peptides in- 
creases glucose levels, inhibits insulin secretion, and stimulates 
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glucagon release.“ Because these peptides can simulate the islet 
secretory changes that characterize T2DM, it was proposed that in- 
creased intrapancreatic concentrations or islet sensitivity to either 
of these peptides may be present in T2DM. However, evidence 
suggests that galanin is not effective in primates or humans. 
Thus, some other peptide would need to be involved for this mech- 
anism to be operative. IAPP has been suggested as an alternate 
peptide with this function, and some studies suggest that IAPP im- 
pairs insulin release.“ This impairment has not been a universal 
finding, and at present it appears unlikely that physiologic levels of 
IAPP modulate B-cell function.’ Enhanced endogenous prosta- 
glandin effects may also contribute to diminished B-cell function, 
as suggested by the increase in first- and second-phase insulin re- 
sponses to intravenous glucose and the increase in glucose potenti- 
ation slope observed in type 2 diabetic subjects who received an in- 
travenous infusion of the prostaglandin synthesis inhibitor sodium 
salicylate." 

A number of studies have demonstrated that hyperglycemia 
not only may induce structural damage to the islet, but also can re- 
produce some of the secretory findings of T2DM. Following partial 
pancreatectomy in rats, the islet remnant often regenerates with 
new islet tissue also developing from pancreatic ductal tissue.” 
However, the new tissue comprises not only normal-appearing 
islets but also islets that are disorganized and fibrotic.*° These 
changes in islet structure appear to be the result of hyperglycemia, 
because the development of these histologic abnormalities can be 
prevented by insulin treatment.’ Mild chronic hyperglycemia pro- 
duced by a continuous glucose infusion is capable of altering islet 
function, resulting in a loss of glucose-stimulated insulin release, 
and when hyperglycemia becomes more severe, a loss of the poten- 
tiating effect of glucose.” The combination of a 60% pancreatec- 
tomy and 6 weeks of mild chronic hyperglycemia produces not 
only a loss of glucose potentiation as is seen after B-cell mass re- 
duction alone, but also an impairment of glucose-stimulated insulin 
secretion.” Although these studies addressed the effects of mild 
prolonged increases in plasma glucose concentrations, more recent 
animal studies have demonstrated that marked hyperglycemia pro- 
duced by intravenous glucose administration to healthy animals 
results in changes in B-cell function as early as 14 hours after 
commencing the infusion.” In addition, animals given phlorizin, 
an agent capable of lowering the glucose level by inhibiting renal 
tubular cell reabsorption of glucose, demonstrate a decline in 
plasma glucose levels and a restoration of B-cell function toward 
normal.” These studies add credence to the idea that hyper- 
glycemia is a cellular toxin or leads to suppression of islet function 
and may therefore contribute to the pancreatic defect observed in 
T2DM. 

Recently, work has focused on the potential adverse effects of 
dietary fat and free fatty acids on islet function. Consumption of a 
high-fat diet is associated with an increased risk of developing dia- 
betes that is related in part to the obesity and associated insulin re- 
sistance that develops with the increased caloric intake, but may 
also be the result of alterations in B-cell function that occur.’”*’> It 
is unclear what period of time is required for these changes to 
occur but it is clear that altering the balance of the diet to more car- 
bohydrate results in an improvement in glucose tolerance within a 
period as short as 3 days.’°~”* Free fatty acids have also been 
shown to have a negative impact on islet function because pro- 
longed incubation of islets with free fatty acids in vitro results in a 
reduction in insulin secretion, with changes in proinsulin mRNA 
levels and insulin biosynthesis also having been demonstrated.’**! 


Furthermore, in the presence of both glucose and free fatty acids, 
neutral lipid accumulation occurs within islets,*? with increased 
quantities of this morphologic change being observed with aging.*? 
Whether this change is even greater in type 2 diabetes and whether 
it impacts islet function or is simply a marker of such are presently 
unknown. 

As mentioned, other evidence for B-cell dysfunction in 
T2DM is a change in the proportion of circulating proinsulin, the 
circulating insulin precursor. Under basal conditions, about 15% 
of insulin-like immunoreactivity measured by conventional insulin 
radioimmunoassays is comprised of proinsulin and its conversion 
intermediates des 31,32 and des 64,65 proinsulin." This propor- 
tion is doubled in subjects with T2DM,”'**** with the vast ma- 
jority of circulating proinsulin-like molecules being intact pro- 
insulin and the conversion intermediate des 31,32 proinsulin.” 
This increase in type 2 diabetic subjects appears to represent a fun- 
damental change in the production of insulin from its precursor 
proinsulin. Although no single study has been able to identify the 
mechanism(s), a number of studies suggest that defective process- 
ing of proinsulin to insulin may be the underlying basis for the ob- 
served differences. Administration of glucocorticoids and growth 
hormone to humans,***° as well as the induction of a subclinical 
defect in B-cell function in nonhuman primates with strepto- 
zocin,”® has resulted in disproportionate proinsulinemia. Although 
it is possible that the ability of the B cell to normally process proin- 
sulin may be limited and that an increase in secretory demand may 
result in the release of a granular pool that has not had sufficient 
time to cleave proinsulin to insulin, data from studies in healthy in- 
sulin-resistant humans would not support this concept. Thus, nei- 
ther obesity???’ nor insulin resistance induced experimentally 
with nicotinic acid®* induces disproportionate proinsulinemia. Fur- 
thermore, women with a history of gestational diabetes have been 
demonstrated to have disproportionate proinsulinemia following 
pregnancy even though their glucose tolerance has returned to 
normal. Japanese-American men with normal or impaired glu- 
cose tolerance who developed T2DM after 5 years of observation 
have disproportionately increased proinsulin levels at baseline 
when compared to subjects who do not progress to T2DM,”° sug- 
gesting that this defect is present early in the course of the devel- 
opment of T2DM. A similar observation has been made in older 
Finnish subjects.”! 

From the foregoing discussion it is apparent that although 
many different perturbations can reproduce some features of the 
B-cell secretory abnormalities observed in T2DM, no single exper- 
imental approach has been able to fully replicate the findings of 
this disorder. This suggests the possibility that the abnormalities of 
islet function characteristic of T2DM are the result of a combina- 
tion of a variety of lesions and supports the concept that consider- 
able heterogeneity is probably involved in the pathogenesis of the 
B-cell defects of this disorder.” 


PATHOPHYSIOLOGY OF INSULIN RESISTANCE 
AND GLUCOSE RESISTANCE IN T2DM 


Tissue resistance to insulin is an important component of the glu- 
cose intolerance of T2DM (see Chap. 22). Rare syndromes of ex- 
treme insulin resistance associated with diabetes mellitus and acan- 
thosis nigricans have been described in which genetic defects in 
insulin receptor function are present,” as has a syndrome of ex- 
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treme insulin resistance with diabetes as a result of a dominant neg- 
ative mutation in the peroxisome proliferator activated receptor 
gamma (PPAR-y).” The etiology of defects in insulin action ob- 
served in the liver and peripheral tissues of the more common 
forms of type 2 diabetes is much less clear. However, it does appear 
that a major component of this abnormality may be related to obe- 
sity, with central fat distribution, and particularly intra-abdominal 
fat, being important.”*~”” The recent elucidation of the importance 
of glucose-mediated glucose disposal to glucose tolerance requires 
that its role in the pathophysiology of T2DM also be considered. 


Hepatic Insulin Resistance 


Basal rates of hepatic glucose production in patients with T2DM 
have been documented as normal or increased.°*'” As with mea- 
surements of insulin secretion, it is important that these production 
rates be evaluated in the context of the glucose concentration at 
which they were measured. When this is done, it is apparent that 
even the “normal” values are inappropriately elevated for the ambi- 
ent glucose level. In many studies, the degree of the abnormality in 
hepatic glucose output is positively correlated with the degree of 
fasting hyperglycemia, suggesting that the rate of hepatic glucose 
production is an important determinant of the fasting plasma glu- 
cose level (Fig. 21-11). 

The increased rate of hepatic glucose production results from 
an impairment of the effects of insulin and glucose to normally 
suppress glucose release by the hepatocyte. A shift to the right in 
the insulin dose-response curve with no reduction in the maximal 
suppressive response at supraphysiologic insulin levels has been 
demonstrated in diabetic subjects studied at euglycemia.'"' This 
type of change is compatible with a reduction in hepatic sensitivity 
to insulin produced by a decrease in insulin receptor number. How- 
ever, when similar studies are performed in type 2 diabetic subjects 
at basal hyperglycemia, maximal suppression of hepatic glucose 


FIGURE 21-11. Correlation between fasting 400 
plasma glucose levels and glucose production 
rate in 20 patients with untreated T2DM. Despite 
the suppressive effect of hyperglycemia on glu- 
cose production. those patients with the highest 
glucose levels had the highest production rates. 
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production occurs at lower insulin levels, but the dose-response re- 
lation still demonstrates a defect in insulin action when compared 
to control subjects studied at normoglycemia.'” Thus hyper- 
glycemia appears capable of exerting a suppressive effect on he- 
patic glucose output independent of insulin, but is unable to fully 
compensate for the reduction in insulin sensitivity found in T2DM. 
This suggests that a defect in the ability of glucose to inhibit its 
own release from the liver is also contributing to the observed glu- 
cose overproduction in the basal state. Glucagon, of major impor- 
tance in the maintenance of postabsorptive hepatic glucose re- 
lease,*> appears to be capable of maintaining more than half of the 
hepatic glucose production observed in T2DM.'” As a result, the 
abnormal regulation of glucagon secretion in these subjects may 
help explain the observed hepatic resistance of type 2 diabetics to 
the suppressive effects of both insulin and glucose. 

During oral intake the liver plays a critical role in the mainte- 
nance of glucose homeostasis. The meal-induced alterations in the 
concentrations of glucose, insulin, and glucagon entering the liver 
through the portal circulation contribute to the liver changing from 
its status in the fasted condition as an organ responsible solely for 
glucose production to one that, during refeeding, restores its glyco- 
gen content by increasing its uptake and/or synthesis of glucose. 
Therefore, considering the defects in hepatic sensitivity to glucose 
and insulin, it is not surprising that following an oral glucose load a 
delayed reduction in hepatic glucose production can be demon- 
strated in T2DM.*'™ This failure of the liver to adequately sup- 
press its glucose production accounts for a considerable proportion 
of the observed rise in plasma glucose concentrations following 
meal ingestion. Although a large proportion of this defect in sup- 
pression of hepatic glucose release may result from the deficient 
insulin response, neither the contribution of the increased glucagon 
response during meals nor the potential for variability in hepatic 
sensitivity to other neurohormonal responses following oral intake 
has yet been defined. 


n=20 
r=0.72 
7 p < 0.001 


60 80 100 120 
Glucose Production Rate mg/m2/min 


340 DIABETES MELLITUS 


Peripheral Insulin Resistance 


Using the euglycemic insulin clamp technique, it has been conclu- 
sively demonstrated that a reduction of more than 55% in the mean 
glucose disposal rate exists in subjects with T2DM.'®! Further 
analysis of the in vivo dose-response relation suggests that this re- 
duction in insulin responsiveness is the result of two abnormalities 
(Fig. 21-12A). First, the rightward shift in the curve is compatible 
with a reduction in cellular insulin receptor number. A decrease in 
receptor number has been reported in in vitro studies using mono- 
cytes,!™ erythrocytes, '°> and adipocytes.'°! Despite the presence of 
spare or unoccupied receptors, the marked decrease in the maximal 
rate of glucose disposal suggests the existence of a second defect in 
peripheral insulin action, namely, a postbinding (intracellular) de- 
fect.’°' Insulin-binding studies on isolated adipocytes from indi- 
viduals with T2DM have shown that the predominant determinant 
of the severity of the peripheral insulin resistance in untreated pa- 
tients is this reduction in postbinding insulin action.'®' Initial 
analysis suggested that part of this defect in intracellular insulin 
action resulted from a reduction in the number of glucose trans- 
porters. However, it appears that the total amount of GLUT-4 
mRNA and protein is normal although the function or the intracel- 
lular movement to the cell membrane of this insulin-dependent glu- 
cose transporter may be diminished (see Chap. 22). 107 Assessments 
of a number of the key molecules involved in intracellular trans- 
mission of the insulin signal following insulin binding to its recep- 
tor (e.g., insulin receptor substrate-1 [IRS-1] and phosphoinositol 3 
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kinase [PI3 kinase]) have demonstrated defects in the action of 
some of these molecules, but these changes are not distinct from 
those observed in obesity. 89 

These preceding observations of reduced insulin effectiveness 
were all made under euglycemic conditions and thus do not take 
into account the ability of glucose, by virtue of mass action, to aug- 
ment its own disposal into the peripheral tissues. ''°''' When incre- 
mental insulin dose-response studies are performed at the basal 
level of hyperglycemia in type 2 diabetic subjects, the relation of 
insulin’s effect on peripheral glucose disposal is essentially identi- 
cal to that observed in matched control subjects studied at eu- 
glycemia (Fig. 21-12B).'™ These findings suggest that in the pres- 
ence of hyperglycemia, any impairment of peripheral insulin action 
is overcome by a mass action increase of glucose uptake. There- 
fore, as glucose levels rise due to the increase in hepatic glucose 
production, peripheral glucose uptake increases by mass action so 
that a new steady state is created in which the increased glucose 
levels are associated with increased glucose use despite the impair- 
ment of insulin action. 

The efficiency of glucose uptake following oral glucose inges- 
tion is also defective in type 2 diabetic subjects. In the peripheral 
tissues, ingested glucose normally undergoes oxidative and non- 
oxidative metabolism, with the rate of these processes being con- 
trolled by the enzymes pyruvate dehydrogenase and glycogen syn- 
thase, respectively. At low insulin concentrations the major route of 
peripheral glucose disposal is via glucose oxidation, while at higher 
levels disposal occurs predominantly by glycogen synthesis.' In 


FIGURE 21-12. A. Mean dose-response curves for insulin- 
stimulated peripheral glucose disposal in control subjects (@). 
subjects with impaired glucose tolerance (©), and nonobese 
(A) and obese (E) type 2 diabetic subjects. Note the large re- 
duction in maximum glucose disposal in the diabetic sub- 
jects. B. The effect of hyperglycemia on the dose-response 
relation for insulin-stimulated peripheral glucose disposal: 
normal subjects at euglycemia (@), type 2 diabetic subjects at 
hyperglycemia (A), and type 2 diabetic subjects at eug- 
lycemia (@). Note the similarity of glucose uptake at sponta- 
neous levels of glycemia. (A. Reprinted with permission from 
Kolterman et al.” B. Reprinted with permission from Revers 
et al!) 
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T2DM, the efficiency of glucose uptake by both processes is re- 
duced, with the predominant abnormality being a defect in non- 
oxidative glucose storage." As glycogen synthase activity is stim- 
ulated by insulin, the diminished insulin sensitivity compounded 
by the reduced insulin secretory response to meals leads to a failure 
to stimulate normal enzyme activity.''4 


Glucose Resistance 


Besides insulin resistance and islet dysfunction as causes of de- 
creased glucose tolerance, insulin-independent glucose uptake or 
glucose-mediated glucose uptake is an important factor determin- 
ing glucose use. In fact, about 80% of tissue glucose uptake in 
the fasting state occurs by insulin-independent mechanisms, pri- 
marily into the brain, but glucose uptake also takes place in mus- 
cle, fat, and other tissues. ''* During intravenous glucose tolerance 
testing, glucose-mediated glucose uptake, also known as glucose 
effectiveness, is important in determining the rate of glucose 
disappearance. '!® 

Glucose-mediated glucose uptake has been quantified using a 
number of methods,''*''® and has been shown to be regulated in 
normal subjects’! and abnormal in patients with type 2 dia- 
betes.''” As suggested in the foregoing discussions of hepatic and 
peripheral insulin resistance, glucose-mediated glucose disposal is 
important in decreasing glucose production by the liver and in- 
creasing glucose uptake in muscle. Thus it could be envisaged that 
in type 2 diabetes, glucose resistance would result in a reduced 
ability of the liver to suppress glucose production and/or a decrease 
in the effectiveness of peripheral tissues to take up glucose by mass 
action, thereby contributing to hyperglycemia. 

The cellular processes underlying alterations in glucose effec- 
tiveness have not been fully elucidated. This function could be de- 
pendent on glucose transporter number and/or activity as well as 
processes involving glucose metabolism after its entry into the cell. 
These posttransport processes could include regulation of enzymes 
responsible for glucose use, as well as others that may regulate glu- 
cose transporter function such as the enzyme glucosamine fructose 
amino transferase (GFAT), which metabolizes glucose through a 
shunt from the glycolytic breakdown process.''* Although glucose 
effectiveness is independent of a sudden change in insulin level, 
this process can apparently be regulated by changes in circulating 
insulin over time. Up until now, all conditions in which glucose ef- 
fectiveness has been shown to be reduced have been associated 
with impaired islet function and therefore associated with reduced 
circulating basal and stimulated insulin levels.!!”'!? This finding 
suggests that improvements in insulin secretion should be associ- 
ated with an increase in glucose effectiveness, a hypothesis that 
has yet to be tested. Based on the demonstration that a short infu- 
sion of GLP-1 results in an enhancement of glucose effectiveness 
without a change in basal plasma insulin concentrations,” it would 
appear that other hormones may also be important in regulating 
this function. 


Role of Obesity, Counterregulatory Hormone 
Secretion, and Insulin Deficiency 


It has long been recognized that obesity is associated with insulin 
resistance. In the absence of carbohydrate intolerance, dramatic 
compensatory hyperinsulinemia is present. '?>!?! Though this adap- 
tive response effectively maintains normoglycemia in more than 
85% of obese individuals, these elevated plasma insulin levels may 
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contribute to the alterations in insulin action that are a feature of 
obesity. With mild degrees of obesity, the predominant change is a 
reduction in tissue insulin binding.” As body weight and fat cell 
size increase further, a proportional increase in basal insulin secre- 
tion occurs.'” These changes are associated with the development 
of a postreceptor defect, the severity of which is related to the 
change in body weight and plasma insulin concentration.'** Be- 
cause central adiposity rather than lower body adiposity is the 
major determinant of the insulin resistance of obesity, >! and 
intra-abdominal fat appears to be an important determinant of 
insulin sensitivity,” there are also great difficulties in estimat- 
ing the role of obesity in the insulin resistance of any particular 
type 2 diabetic person (see Chap. 23). The differences in estima- 
tions of adiposity and the corrections applied by some investigators 
for age differences probably contribute to the controversy in the lit- 
erature regarding obesity and its role in the insulin resistance of 
T2DM. Nevertheless, because more than 80% of type 2 diabetic 
subjects are obese, their elevated basal insulin levels are a manifes- 
tation of their diminished insulin sensitivity, which is at least partly 
the result of their obesity. 

Secretion of counterregulatory hormones has been shown to be 
altered in some patients with T2DM. Increased diurnal fluctuations 
of plasma growth hormone concentration’ and enhanced re- 
sponses to exercise'*” have been reported. Basal growth hormone 
levels, on the other hand, are usually normal except in those pa- 
tients who are severely hyperglycemic.'”* Marked hyperglycemia 
by inducing glycosuria and resultant volume depletion leads to 
baroreceptor stimulation and increased sympathetic nervous sys- 
tem activation, which would explain the increased levels of cate- 
cholamines observed in type 2 diabetic subjects.’ This effect is 
more marked as hyperglycemia becomes more severe due to 
greater urinary glucose losses. Thus, hyperglycemia acts as a stim- 
ulus for a neuroendocrine stress response, which leads to counter- 
regulatory hormone secretion. This excessive catecholamine release 
in turn impairs islet function, and reduces both insulin-mediated 
and glucose-mediated glucose disposal,'?”-'>! thus producing more 
hyperglycemia (see Chap. 8). Although treatment to lower plasma 
glucose can return these levels toward or even to normal, more sub- 
tle abnormalities of many of these counterregulatory hormones 
have been reported in subjects with relatively mild hyperglycemia 
in whom a neuroendocrine stress response as a result of barorecep- 
tor stimulation seems unlikely. '? ? Since counterregulatory hor- 
mones are all capable of producing insulin resistance, it appears 
that even the mild increase in plasma concentrations of such hor- 
mones observed in type 2 diabetes patients could contribute to their 
insulin resistance. With severe hyperglycemia it is likely that the 
more pronounced neuroendocrine abnormalities contribute to the 
greater degrees of insulin and glucose resistance observed with 
poorer glycemic control. 

A variety of studies suggest that insulin deficiency, or the meta- 
bolic derangements arising from it, is involved in the development 
of insulin and glucose resistance. Animal studies in which insulin 
deficiency has been created using agents toxic to the B cell, such as 
streptozocin, have demonstrated the existence of an abnormality in 
insulin action. This defect is apparent in in vitro studies using 
adipocytes'*? and in the intact animal in the presence of high con- 
centrations of plasma insulin and only trivial elevations in the glu- 
cose level.'** Although it could be argued that this effect is a result 
of a direct action of the agent on insulin-sensitive tissues, a similar 
degree of insulin resistance has been observed in animals following 
a 90% pancreatectomy.'*> Demonstration of this relation in type 2 
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diabetic individuals is more difficult in view of the complicating 
effects of obesity and residual insulin secretion. However, indirect 
support for this concept can be obtained from other human studies. 
First, type 1 diabetic subjects who are totally insulin deficient are 
insulin resistant.'*° Second, both type 1 and type 2 diabetic sub- 
jects increase their rates of glucose disposal with an amelioration 
of the postreceptor defect in insulin action when treated with in- 
sulin.!*’-'59 Third, states of glucose resistance have been associated 
with an absolute or relative reduction of B-cell function. For exam- 
ple, type 1 diabetic subjects who have absent insulin responses 
have reduced glucose effectiveness. '*° In addition, impaired insulin 
responses produced by somatostatin or epinephrine administration 
are associated with reduced glucose effectiveness in humans and 
animals,™'*! and B-cell mass reduction with streptozocin in dogs 
has also been associated with reduced efficiency of glucose- 
mediated glucose disposal.''? Thus, even though integrated 24-hour 
plasma insulin levels may be within the normal range in type 2 dia- 
betics, for their degree of hyperglycemia they are relatively insulin 
deficient and it is this relative hypoinsulinemia that may at least in 
part be responsible for the observed changes in the efficiency of tis- 
sue glucose uptake. From the foregoing discussion it is apparent 
that the simultaneous presence and interaction of obesity, excessive 
counterregulatory hormone effects, and the metabolic events re- 
lated to hypoinsulinemia contribute significantly to the diminished 
insulin and glucose sensitivity of T2DM. The inability to control 
for all these factors makes it difficult to discern whether a primary 
alteration in insulin or glucose action exists in this disease. How- 
ever, by virtue of its relation with islet function, it is clear that in- 
sulin and glucose resistance are of major importance in determin- 
ing the degree of the metabolic derangement present in T2DM. 


THE INTERACTION BETWEEN INSULIN 
RESISTANCE AND INSULIN 
SECRETION IN T2DM 


The feedback loop comprising the liver, pancreas, and peripheral 
tissues requires that islet function be an important determinant of 
the basal glucose level. If islet responsiveness to glucose is high, 
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then changes in insulin action will not perturb the plasma glucose 
level very much. Thus in the presence of normal islet function, 
isolated insulin resistance does not usually result in the develop- 
ment of fasting hyperglycemia. A common condition that exempli- 
fies this is obesity in which the majority of subjects are insulin 
resistant, but do not have impaired glucose tolerance or diabetes. 
This lack of change in fasting glycemia is because there is a recip- 
rocal and proportionate increase in insulin secretion, representing 
an adaptive phenomenon by the normal ß cell to insulin resistance 
(Figs. 21-13 and 21 -14A).!#? From percentile charts based on data 
from healthy subjects, it is possible to determine the adequacy 
of insulin secretion for the degree of insulin sensitivity (Fig. 
21-14B-D). Where the relationship places an individual in a low 
percentile, this would be predicted to be associated with reduced 
glucose tolerance. 

Further support for the capability of normal islets to adapt their 
responsiveness is the finding that normal-weight individuals made 
insulin resistant with nicotinic acid for a period of 2 weeks demon- 
Strate an increase in basal as well as glucose- and non-glucose- 
stimulated insulin secretion,"* and that a decrease in these same 
measures of B-cell function in individuals who have had an im- 
provement in insulin sensitivity following a 6-month endurance 
exercise training program.'** The enhanced insulin secretion ob- 
served under conditions of natural and experimental insulin resist- 
ance results from an increase in B-cell secretory capacity without 
any change in B-cell sensitivity to glucose, while the decreased in- 
sulin release that occurs with the exercise-induced improvement in 
insulin sensitivity results from a decrease in B-cell secretory capac- 
ity and no change in B-cell sensitivity to glucose. Furthermore, 
with experimental insulin resistance basal and stimulated glucagon 
levels are reduced, providing evidence for a-cell adaptation to pro- 
longed insulin resistance in normal subjects. Although the exact 
mediator responsible for this alteration in œ- and B-cell function 
has not been identified, evidence in normal subjects suggests that 
glucose may be responsible for this change. When healthy individ- 
uals are given glucose infusions for 2-3 hours, they demonstrate 
enhanced insulin-secretory responses to a later intravenous glucose 
challenge despite the fact that glucose levels under both the basal 
and postinfusion conditions are similar at the time of the test.’ 


FIGURE 21-13. Relationship between insulin sensitivity 
and fasting insulin in 93 healthy subjects (55 males [@] 
and 38 females [D]). The best fit of the relationship is de- 
scribed by a hyperbolic function (i.e., insulin sensitivity 
times fasting insulin is a constant). The 5th, 25th, 50th, 
75th, and 95th percentiles for the relationship are illus- 
trated. (Reprinted with permission from Kahn et al.'*”) 
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FIGURE 21-14. A. Relationship between insulin sensitivity and the first-phase insulin response (AIRglucose) in 93 healthy subjects (55 males [®] and 38 fe- 
males (()). The best fit of the relationship is described by a hyperbolic function (i.e., insulin sensitivity times first-phase insulin response is a constant). The Sth, 
25th, 50th, 75th, and 95th percentiles for the relationship are illustrated. B. Percentile lines for the relationship between insulin sensitivity and the first-phase in- 
sulin response (AIRglucose). Data from three studies*”'“5-!"* are plotted. Individual data for a former gestational diabetic (former GDM) and a control indi- 
vidual (control for GDM)'*! demonstrate that although B-cell function may be greater in absolute terms, when evaluated relative to the degree of insulin sensi- 
tivity, the response is inappropriately low in the former GDM, compatible with B-cell dysfunction. Mean data show that exercise training (ET) in older males” 
does not alter the relationship between insulin sensitivity and the first-phase insulin response. and thus glucose tolerance does not change. In contrast, nicotinic 
acid (NA)-induced insulin resistance in young males!” results in a change in the relationship between insulin sensitivity and the first-phase insulin response, 
which is associated with a reduction in glucose tolerance. C. Percentile lines for the relationship between insulin sensitivity and the first-phase insulin response 
(AIRglucose) based on data from 93 normal subjects." Mean data from six other studies are plotted. The 10 subjects with type 2 diabetes are insulin resistant 
and have markedly impaired insulin secretion.''’ Thirteen healthy older subjects demonstrate that aging is associated with insulin resistance and a reduction in 
B-cell function.” Reduced B-cell function is also manifest in 8 women with a history of gestational diabetes (GDM),?™!? 11 women with polycystic ovarian dis- 
ease (PCO) and a family history of T2DM.,""? 21 subjects with impaired glucose tolerance (IGT),'”’ and 14 subjects with a first-degree relative with T2DM.?!"* 
The reduction in B-cell function in these latter three groups is compatible with their high risk of subsequently developing T2DM. D. Individual measurements 
of insulin sensitivity and the first-phase insulin response (AIRglucose) in a group of first-degree relatives of subjects with T2DM from three different families 
indicated by different symbols. These individuals, studied when their fasting glucose levels were normal. exhibit broad ranges of both insulin sensitivity and 
first-phase insulin response. When these two parameters are assessed together, it is apparent that some individuals have well-preserved B-cell function while oth- 
ers have markedly deficient responses and thus would be predicted to be at very high risk of developing hyperglycemia. (A and B. Reprinted with permission 
from Kahn et al.” C. Reprinted with permission from Vidal J, Kahn SE: Regulation of insulin secretion in vivo. In: Lowe WL Jr, ed. Genetics of Diabetes Mel- 
litus. Kluwer:2001;109, D. Reprinted with permission from Kahn SE: Regulation of beta-cell function in vivo: From health to disease. Diabetes Rev 1996;4: 
372. 
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When studies of islet secretory function are performed following 
a 20-hour glucose infusion, consistent increases in the slope of 
glucose potentiation provide evidence of B-cell adaptation, while 
consistent decreases in the acute glucagon responses suggest adap- 
tation of a-cell function." Thus it appears that the normal pancre- 
atic islets possess an adaptive capability involving both the a and 
B cells, and that this adaptation, which may be mediated by 
changes in glucose level, prevents the development of marked hy- 
perglycemia in individuals with insulin resistance and normal islet 
function (Fig. 21-15). However, when B-cell dysfunction is pres- 
ent, hyperglycemia will be the expected compensatory response. 

When insulin sensitivity is normal, it is unclear what degree of 
B-cell mass reduction is necessary before fasting hyperglycemia 
occurs. Some individuals do not develop diabetes mellitus after 
70-90% pancreatectomies.'“©'*” Whether this or lesser degrees of 
B-cell loss are associated with clinically significant hyperglycemia 
if insulin resistance develops is as yet undetermined. Because this 
question cannot be easily addressed in humans, mathematical 
modeling has been utilized to predict the various degrees of B-cell 
loss and insulin resistance required to produce fasting hyper- 
glycemia. '** Such modeling predicts that in the presence of marked 
insulin resistance a 50% decrease in B-cell function would result in 
significant hyperglycemia. From this type of analysis it is predicted 
that tissue insensitivity to insulin will become a more important de- 
terminant of plasma glucose concentration as the loss of B-cell 
function becomes greater. 

The observations in normal-weight and obese subjects cited 
previously, as well as the application of mathematical models, are 
consistent with observations in T2DM. Whereas a decrease in in- 
sulin sensitivity such as that induced by the development of adipos- 
ity will cause only a small change in glucose level in a person with 
a normal pancreas, in the patient with reduced islet function a 
much larger rise in glucose concentration will be observed (Fig. 
21-16). This is due to the curvilinear relation between islet B-cell 
function and glucose.™ As shown in Fig. 21-16, it requires more 
than a 75% loss of islet function for plasma glucose to rise above 
126 mg/dL (7.0 mmol/L), but there is an increasingly greater glu- 
cose rise as islet function deteriorates further. Insulin resistance 
shifts the curve to the right, amplifying this effect. When tissue in- 
sulin sensitivity is improved by weight loss, again only small 
changes in fasting plasma glucose levels will be observed in sub- 


FIGURE 21-15. Impact of insulin resistance on basal glucose regulation. 
The impairment of insulin action in the liver and insulin-sensitive periph- 
eral tissues increases the glucose level, but as the islet compensates by in- 
creasing its insulin output and decreasing its glucagon release, hepatic glu- 
cose output and glucose disposal are modulated. The net effect is a small 
rise in glucose concentration and a large increase in insulin secretion. 
(Adapted with permission from Porte.” ) 
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FIGURE 21-16. Relationship of B-cell function to plasma glucose concen- 
tration and the impact of insulin resistance. The curvilinear relationship be- 
tween B-cell function and fasting plasma glucose concentration dictates 
that in an individual with normal insulin sensitivity, the fasting glucose con- 
centration will only reach the diagnostic level for T2DM (126 mg/dL; 7.0 
mmol/L) when approximately 75% of B-cell function has been lost. When 
insulin resistance coexists in an individual with intact islet function and 
normal fasting plasma glucose. the compensatory enhancement in insulin 
output will prevent a marked change in plasma glucose concentration. Al- 
teratively, in an individual with islet dysfunction sufficient to produce an 
elevation in the fasting glucose concentration, the additive effect of insulin 
resistance will produce a large increase in fasting glucose. A therapeutic in- 
tervention that reduces insulin resistance will reverse this change, resulting 
in a reduction in the glucose concentration. 


jects with normal a- and B-cell function, but a marked lowering of 
the glucose concentration will occur in the hyperglycemic obese 
individual with impaired islet B-cell function. Taken together, these 
observations imply that a change in the degree of insulin sensitivity 
will have a greater effect on the fasting glucose level as islet func- 
tion deteriorates. 


A PATHOPHYSIOLOGIC MODEL OF T2DM 


Figure 21-17A illustrates how the basal glucose concentration is 
regulated by a feedback loop in which the pancreatic islet acts as a 
glucose sensor to balance hepatic glucose delivery to the rate of 
insulin-dependent and insulin-independent glucose use. The occur- 
rence of any change in glucose production by the liver or glucose 
use by the peripheral tissues is sensed by the islet and leads to 
changes in insulin and glucagon secretion to achieve a new steady 
state, which minimizes the overall change in glucose level. This 
new steady state returns the glucose concentration toward normal, 
but complete compensation cannot occur because this would result 
in the loss of the stimulus responsible for this adaptive change. The 
development of a B-cell lesion in T2DM would reduce plasma in- 
sulin levels. Because glucagon secretion is either wholly or par- 
tially regulated by the neighboring B-cell, an abnormal rise in 
a-cell release of glucagon would also occur (Fig. 21-17B). This re- 
duction in insulin and increase in glucagon draining into the liver 
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FIGURE 21-17. Model for the development of hyperglycemia in T2DM. A. Normal basal glucose regulation. In- 
sulin and glucagon, through their effects on the liver. fat, and muscle, mudulate the plasma glucose level. Plasma 
glucose, by its direct interaction with the endocrine pancreas and by its modulation of the secretory response to 
nonglucose stimuli. feeds back to the islet to regulate insulin and glucagon output. B. Hypothetical initial islet le- 
sion of T2DM. The impairment of islet function would be expected to reduce insulin and increase glucagon out- 
put, which would result in overproduction of glucose by the liver and underuse of glucose in the periphery. with 
a resultant increase in the glucose level. C. Hyperglycemia’s effect to compensate for the islet lesion of T2DM. 
The increased glucose concentration that develops as a result of the deficient insulin and enhanced glucagon se- 
cretion in turn modulates the islet by increasing insulin secretion and decreasing glucagon release. As a result of 
these secretory changes, glucose production and use return toward normal but still remain elevated. D. Interaction 
of islet dysfunction and insulin resistance on basal glucose regulation in T2DM. The impairment of insulin action 
in the liver and peripheral tissues requires a marked additional increase in glucase concentration so that. in the 
presence of an impaired islet. a new steady state is achieved. Under these conditions, the islet may secrete “nor- 
mal” or even “supranormal” quantities of insulin while secreting “normal” or “subnormal” amounts of glucagon, 
despite the presence of islet œ- and B-cell dysfunction. The net result is a further increase in glucose production 
by the liver and glucose usc by the peripheral tissues, until the renal threshold is exceeded when decompensation 
occurs. (Adapted with permission from Porte”) 


would be expected to produce an increase in hepatic glucose pro- 
duction. Further, the reduced peripheral insulin level would impair 
glucose use by both fat and muscle, while glucose use in the non- 
insulin-dependent tissues proceeds normally. Due to the reduction 
in insulin secretion, insulin-mediated glucose uptake cannot in- 
crease sufficiently to compensate for the increased rate of hepatic 
glucose release, and the fasting glucose level tends to rise. This 
situation is only transient. because the elevation in the fasting 
plasma glucose level would lead to increased B-cell stimulation, 
thereby producing a more “normal” plasma insulin level. as de- 
picted in Fig. 21-17C. In addition, the increase in glucose and in- 
sulin concentrations results in a reduction in glucagon secretion, 
but at the new steady state the glucagon level is not appropriately 
reduced for the degree of glycemia. Concurrent with these changes 
in islet hormone secretion, glucose production and use are moder- 
ated. However, at the new steady state. the rate of hepatic glucose 


release will remain elevated and total glucose uptake will be in- 
creased due to the hyperglycemia. When hepatic and peripheral in- 
sulin resistance develops, the impairment of glucose uptake leads 
to a further increase in plasma glucose level. This additional hyper- 
glycemia leads to further stimulation of the B cell with resultant 
normal or even supranormal insulin levels as well as further in- 
crease in hepatic glucose delivery and peripheral glucose uptake 
(Fig. 21-17D). Although a further reduction in the glucagon level 
occurs, the resultant level is still inappropnately elevated for the 
degree of hyperglycemia. 

From this model it is apparent that islet dysfunction may be 
present regardless of whether basal insulin and glucagon levels are 
normal, high, or low in T2DM. Hyperglycemia is a compensatory 
mechanism that occurs in an attempt to overcome the islet secre- 
tory defect and insulin resistance. These adaptive changes result in 
a reregulated steady-state hyperglycemia, but complete compensa- 
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tion can occur only at glucose levels below the renal threshold. 
Once the renal threshold is exceeded, glycosuria occurs and the 
plasma glucose level cannot rise sufficiently to compensate for 
the islet defect. This then results in the development of a state of 
absolute insulin deficiency and glucagon excess with metabolic 
decompensation. 


TREATMENT OF T2DM 


At the present time, three major therapeutic modalities are used in 
type 2 diabetic subjects: diet, oral agents, and insulin administra- 
tion. These interventions produce alterations in hepatic glucose 
production, insulin sensitivity, and/or insulin secretion and, as is 
apparent from the previously described closed feedback loop, any 
change in these variables should result in a reregulated steady state 
at a new level of glycemia. 

Body weight reduction comprises two distinct phases: a period 
of weight loss, during which time there is a marked reduction in 
caloric intake, and weight maintenance at a new lower level, during 
which time more calories are being consumed, albeit less than the 
quantity taken prior to the initiation of weight loss. While a decline 
in glucose level occurs during both these phases, the mechanism by 
which glucose decreases is different. For an individual to lose 
weight, a reduction in caloric intake is required so that a state of 
negative caloric balance exists. Although it has been claimed that 
caloric restriction is associated with an improvement in insulin sen- 
sitivity, this does not occur during the period of weight loss. In fact, 
during periods of severe caloric restriction, the opposite is true and 
a state of insulin resistance exists.'*” Therefore, the initial decrease 
in fasting plasma glucose level that is observed during caloric re- 
striction results from a reduction in hepatic glycogen stores with a 
resultant decline in glycogenolysis and a reduced rate of hepatic 
glucose release. As glycogen stores become progressively de- 
pleted, the liver tends to produce glucose predominantly by gluco- 
neogenesis, with the rate of hepatic glucose production remaining 
low as the body attempts to maintain energy stores and minimize 
the loss of protein. Thus, after a period of fasting as short as 3 days, 
type 2 diabetes patients will demonstrate a significant reduction in 
their glucose levels, but these levels, while approximating those of 
healthy individuals, never reach the same low levels as normal sub- 
jects during a similar fast.’ However, as soon as caloric intake in- 
creases, and weight maintenance is achieved, hepatic glycogen is 
replaced, glucose release is enhanced, and glucose levels tend to 
rise once again. Thus although improved insulin action is not a fac- 
tor in the lowering of glucose levels during a hypocaloric diet, once 
body adiposity is reduced and weight is stabilized at a new lower 
level, any lowering of plasma glucose is due to improved hepatic 
and peripheral insulin sensitivity. The magnitude of the glucose 
level reduction will in large part be related to this enhancement of 
insulin sensitivity and is of most benefit to those individuals with 
poor islet function and marked hyperglycemia, in whom even a 
small improvement in insulin action can lower glucose concentra- 
tions (Fig. 21-16). This improvement in peripheral insulin sensi- 
tivity is largely due to an enhancement of postreceptor insulin 
action,'°' with some increase in insulin receptor number also oc- 
curring.'* Some of these improvements in hepatic and peripheral 
glucose metabolism may also be the result of an increase in insulin 
secretion. Enhanced insulin release has been demonstrated in type 
2 diabetes patients given an oral glucose challenge following 
weight reduction!*!"!*? and in a group of severely hyperglycemic 


subjects in whom the plasma glucose level was halved to approxi- 
mately 150 mg/dL (8.3 mmol/L) following 4-12 weeks of severe 
caloric restriction, with a resultant increase of about 65% in the in- 
sulin response to tolbutamide.'™ 

A number of oral agents are now available that are capable of 
stimulating insulin secretion (see Chap. 32). All these agents can 
effectively lower plasma glucose levels, but this effect is dependent 
on the presence of a responsive endocrine pancreas. Long-term ad- 
ministration of sulfonylureas is associated with reduced plasma 
glucose levels, but basal and stimulated insulin levels are often un- 
changed.'°>-!°° This similarity of insulin levels is misleading, how- 
ever, because when glucose is administered to match the glucose 
levels to those present prior to initiation of treatment, marked in- 
creases in basal and stimulated insulin levels are apparent.'*”'** 
This observed increase in the slope of glucose potentiation sug- 
gests that sulfonylureas improve B-cell responsiveness to glu- 
cose.'** Sulfonylureas are also capable of reducing basal hepatic 
glucose production, and this reduction has been maintained for pe- 
riods of up to 18 months.”*”? The magnitude of this reduction ap- 
pears to be a major determinant of the hypoglycemic effectiveness 
of these compounds. This decrease in the rate of hepatic glucose 
output is related to the change in basal insulin secretion. This rela- 
tion between hepatic glucose release and basal insulin secretion, 
coupled with a marked enhancement of B-cell responsiveness to 
glucose, clearly links a major proportion of the decline in hepatic 
glucose production and the resultant glucose-lowering effect of 
these agents to the improved insulin secretion. Although it has been 
suggested that these compounds have a direct effect on hepatic sen- 
sitivity, the variability of findings preclude the drawing of a definite 
conclusion regarding this possibility. However, in many patients, 
sulfonylurea administration does appear to improve peripheral in- 
sulin sensitivity measured in vivo, resulting in an increase in in- 
sulin binding and an enhancement of postreceptor function, the 
latter being the predominant improvement.” This change in intra- 
cellular insulin action results in an increase of nearly 40% in the 
maximal response to insulin in some type 2 diabetics.” This ability 
of sulfonylureas to improve peripheral insulin sensitivity also ap- 
pears to be a function of their capacity to enhance insulin secretion. 
This is suggested by the fact that type 1 diabetic subjects who are 
insulin resistant and incapable of enhancing their insulin output do 
not exhibit an improvement of insulin sensitivity when treated with 
these agents.'*? Therefore, we conclude that sulfonylureas result 
in a steady-state reregulation of plasma glucose at a lower level 
largely due to their direct and persistent effects on the pancreatic 
islet. More recently, two new classes of B-cell secretagogues have 
been developed and introduced into clinical practice. The first is 
the meglitinide repaglinide and the second the D-phenylalanine 
analogue nateglinide. As with the sulfonylureas, they appear to 
bind to the ATP-sensitive potassium channel.'™-'*' However, due 
to the fact that these newer classes of agents have a more rapid 
onset of action and a shorter half-life, they tend to have a greater 
effect on early postprandial insulin release compared to basal in- 
sulin, thereby being more efficient in suppressing meal-related 
hepatic glucose production. ‘© 

The biguanide metformin has long been available for the treat- 
ment of type 2 diabetes. Its predominant effect appears to be on the 
liver, where it primarily reduces basal hepatic glucose produc- 
tion.' This effect may be mediated by an enhancement of the ac- 
tion of insulin in the liver or perhaps by an alteration in substrate 
flow, primarily from the splanchnic bed.'™ It has been postulated 
that a portion of the effect of this agent to improve glucose metab- 
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olism may also be mediated by an improvement in peripheral in- 
sulin sensitivity. f% However, this effect does not appear to be con- 
sistent, although it is clear that the major beneficial effect is medi- 
ated through the liver. 

Another recent addition to the classes of oral medications 
available for treating hyperglycemia are the PPAR-‘y—agonist thia- 
zolidinediones. These agents work primarily by enhancing insulin 
sensitivity in the peripheral insulin-sensitive tissues, namely, the 
muscle and adipose tissue, while having a much smaller effect on 
the liver.'©°!® The mechanism by which enhancement of signaling 
via PPAR-y improves glucose uptake has not been determined. It 
has been suggested that the effect of these agents to enhance in- 
sulin action may be mediated in part by a change in free fatty acid 
flux from the adipocyte.'™ In this context, it is also of interest that 
in small studies it has been demonstrated that administration of 
these compounds has been associated with a redistribution of cen- 
tral adiposity from the intra-abdominal to the subcutaneous fat 
depot.'™ It also appears that these agents may improve B-cell func- 
tion as the relationship between insulin sensitivity and insulin lev- 
els is improved and disproportionate proinsulinemia is partially 
ameliorated.'""!”! The recent suggestion that PPAR-y receptors 
may be present on islets raises the interesting possibility that this 
effect of thiazolidinediones to improve B-cell function may be in 
part occurring via a direct effect on the B cell.'”” 

Exogenous insulin serves to substitute for the B-cell defect of 
type 2 diabetes, and if sufficient insulin is administered, normo- 
glycemia can be achieved.'**'*? This reduction in glucose level is a 
function of insulin’s ability to suppress hepatic glucose release and 
enhance peripheral glucose uptake. Intensive insulin treatment is 
capable of reducing hepatic glucose production so that after only 3 
weeks of therapy, the rate of glucose output approximates that ob- 
served in normal subjects.'*? Using this same treatment regimen, 
near normalization of fasting glucose levels is associated with a 
74% improvement in the maximal glucose disposal rate without 
any improvement in adipocyte insulin binding.'*” This improve- 
ment in postreceptor function with insulin administration suggests 
that a reversible component of the postbinding abnormality is the 
result of hypoinsulinemia or some other metabolic factor, such as 
hyperglycemia. Improved glucose utilization has been demon- 
strated for periods of up to 2 weeks following withdrawal of insulin 
therapy." Although this lower plasma glucose level may provide 
less stimulation to the ß cell, resulting in reduced basal insulin se- 
cretion, it has been demonstrated that intensive glucose control 
may improve the insulin response to glucose and nonglucose stim- 
ui 98 199.178 Although the first-phase insulin response to glucose, 
long considered a marker of T2DM, does not improve, the second- 
phase insulin response is enhanced. Furthermore. the improved 
glucose control results in a nearly threefold increase in the insulin 
response to glucagon'** and an improvement in the C-peptide re- 
sponse to arginine.'”? However, once intensive insulin therapy is 
discontinued, the subsequent rise in glucose levels is again associ- 
ated with steadily deteriorating B-cell function.'”* As noted, even 
though B-cell function may improve when glucose levels decline as 
a result of insulin treatment, islet stimulation is reduced, and usu- 
ally the endocrine pancreas is suppressed. Therefore, the total in- 
sulin requirement will need to be met by exogenous insulin admin- 
istration and the treatment program for an insulin-treated type 2 
diabetic subject becomes very similar to the regimen of a type 1 di- 
abetes patient. Thus the treatment program will require well- 
spaced meals and multiple doses of insulin. When complete re- 
placement is required, the amount of insulin needed is not related 


THE PATHOPHYSIOLOGY AND GENETICS OF TYPE 2 DIABETES MELLITUS 347 


to the degree of hyperglycemia, but rather relates to body adiposity 
and other factors that determine insulin resistance. Thus in lean in- 
dividuals a daily dose of 40-SO U may suffice, while in grossly 
obese subjects the requirement may be as great as 150-200 U/d. 


GENETIC FACTORS IN T2DM 


The advancement in our knowledge related to the pathogenesis of 
type 2 diabetes and the improved effectiveness of therapy that is 
based on this information have been matched in part by progress in 
our understanding and ability to identify genetic causes of disease. 
It now appears that type 2 diabetes is a polygenic disease that in 
most instances probably requires the interaction of at least two ge- 
netic factors: one related to B-cell dysfunction and one related to 
insulin resistance. In the process of searching for the genetic causes 
of type 2 diabetes, several rare forms of disordered glucose metab- 
olism have been shown to be caused by gene defects involving the 
B cell and the insulin receptor. 

Two groups of patients with type 2 diabetes and identified gene 
defects associated with B-cell dysfunction have been described. 
The first group consists of the maternally inherited mitochondrial 
syndromes with diabetes originally described as being associated 
with various neuromuscular disorders, but recently found to pres- 
ent at any age independently of or prior to neuromuscular disease 
with glucose intolerance or type 2 diabetes.'“!”> The second 
group also presents as glucose intolerance or type 2 diabetes with a 
different inheritance pattern and has been called maturity-onset di- 
abetes of the young (MODY) since it was first described clinically 
on the basis of its presentation under age 40 with a dominant inher- 
itance pattern.**'’° For a comprehensive description see the re- 
views by Fajans and associates'’’ and Kahn and Porte.'”® 

Similarly, molecular studies have found relatively rare defects 
associated with insulin resistance that are associated with T2DM 
and mutations in the insulin receptor gene.'’”-'*' Two clinical fea- 
tures commonly observed in these syndromes are acanthosis nigri- 
cans and hyperandrogenism (in female patients). However, each set 
of defects is defined by the presence or absence of specific clinical 
features. One, called type A insulin resistance, is defined by the 
triad of insulin resistance, acanthosis nigricans, and hyperandro- 
genism in the absence of obesity or lipoatrophy.”* Another consists 
of patients with the clinical diagnosis of leprechaunism with multi- 
ple abnormal features presenting during gestation or soon after 
birth, including intrauterine growth restriction and impaired glu- 
cose tolerance (IGT) with intermittent fasting hypoglycemia. '®?:!*? 
These patients usually die within the first year of life. A third syn- 
drome is the Rabson-Mendenhall syndrome that is associated with 
short stature, abnormalities of teeth and nails, and pineal hyperpla- 
sia.'*' For a comprehensive description see the review by Taylor.” 

These known B-cell and insulin receptor genetic syndromes 
and the high concordance of T2DM in identical twins compared 
with fraternal twins have stimulated a major search for predispos- 
ing gene defects in the more typical older-onset T2DM patients, 
but the likely heterogeneity of defects has made their identification 
difficult, and despite many promising associations between gene 
polymorphisms and hyperglycemia, there is no genetic defect that 
has yet been unequivocally identified to cause the disease more 
commonly affecting T2DM patients. Before describing in greater 
detail the known rarer causes of diabetes mentioned above, some 
discussion of the status of genetic studies on the more common 
form of type 2 diabetes is warranted. 
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Genetic Studies of T2DM 


A variety of metabolic studies have demonstrated impaired B-cell 
function and insulin resistance in family members of subjects with 
type 2 diabetes'®*-'*© and in identical twins of type 2 diabetic pa- 
tients with normal glucose tolerance who have a high likelihood 
of developing the syndrome.!*” It is still not clear in any individ- 
ual patient which of these two disorders began first, how much is 
related to the environment and to genetic dysfunction, and how 
much of the full-blown syndrome is secondary to the hyper- 
glycemia. There is evidence that both B-cell function’*®!* and 
insulin sensitivity'®° are familial traits in certain populations, and 
abnormalities of insulin secretion and sensitivity have been re- 
ported to predate the onset of glucose intolerance.'**'** Neverthe- 
less, there remain many uncertainties regarding progression from 
normal to impaired glucose tolerance and eventually to fasting 
hyperglycemia and clinical T2DM. For this reason it has been dif- 
ficult to identify the genetic defects that are presumed to underlie 
much of the risk of T2DM. The most convincing evidence of a 
genetic factor is derived from twin studies.'?'~'® Although there is 
some variation in reported risk when comparing monozygotic and 
dizygotic twins, concordance is always higher for monozygotic 
twins than dizygotic twins. Initial studies reported almost 100% 
concordance in monozygotic twins and roughly 50% in dizygotic 
twins, but ascertainment bias was believed to be a serious problem 
in the generation of these data. More recent studies suggest that 
concordance is more likely to be in the 60-70% range in monozy- 
gotic twins and roughly 10-20% in dizygotic twins. Thus the rela- 
tive risk of development of T2DM in the sibling of an identical 
twin with the disease was increased 2- to 3.4-fold compared with 
nonidentical twins, and this increases with age. Further evidence 
for genetic factors is the familial aggregation of type 2 diabetes in a 
variety of ethnic groups, and a variation of prevalence among these 
groups, ranging from as high as 80% in subjects such as the Pima 
Indians whose parents both had early onset diabetes to the esti- 
mates of approximately 5% in Caucasian Americans, 10% in 
African Americans, 25% in Mexican Americans, and 35% in Pima 
Indians overall. ° 

Positional cloning has been attempted after locating suscepti- 
bility genes from either a genome scan using random markers or 
discrete regions of a chromosome which are strongly associated 
with the rare genetic forms of the disease, or one of the physiolog- 
ical markers believed to contribute to the etiology of the disease. 
The generally disappointing results have now led to the common 
belief that T2DM is a polygenic disorder which probably results 
from several combined gene defects that interact with environmen- 
tal factors to produce the eventual clinical syndrome. This being 
the case, it is perhaps not surprising that none of these genetic 
approaches has been particularly successful so far in unraveling 
the important, underlying etiological factors in late-onset T2DM. 
Nevertheless, success using the MODY phenotype has encouraged 
continuing efforts using more powerful techniques. To date, the 
study of candidate genes has been by far the most commonly used 
approach. However, a high degree of heterozygosity is required to 
optimize sib-pair analysis, and identification of affected subjects is 
arbitrary, being based on a continuous physiological variable. Iden- 
tity by descent or identity by state can be utilized, but considering 
the age of onset of T2DM, identity by state is by far the most fre- 
quent method. Unfortunately, this requires determination of the 
frequency of the alleles in an appropriately matched population 
and may require a large number of pairs. Until recently, candidate 


genes have usually been evaluated in populations of unrelated indi- 
viduals. Avoiding errors in conclusions in these studies requires 
careful clinical and metabolic phenotyping using well-matched 
case and control populations, with particular regard to avoiding dif- 
ferences in ethnicity and genetic background. Since many genes 
have now been cloned and sequenced using molecular scanning 
methods designed to detect changes in nucleotide sequence in frag- 
ments of DNA, such as single-strand confirmation polymorphism 
(SSCP) or heteroduplex analysis, it is possible to test a very large 
number of potential associations. While an association between a 
mutation or polymorphism with B-cell dysfunction, insulin resis- 
tance, impaired glucose tolerance, or diabetes can then be ana- 
lyzed, care must be taken to confirm positive findings using some 
other method to eliminate a chance occurrence or an unknown dif- 
ference in the background of the affected and control subjects. 


Candidate Genes for T2DM 


Glucokinase 

All of the known MODY genes have been considered as possi- 
ble candidates for gene defects in late-onset T2DM. Positive asso- 
ciations between T2DM and particular glucokinase polymor- 
phisms were originally observed in American Blacks and 
Mauritian Creoles,” suggesting that the glucokinase locus might 
be implicated in diabetes in these populations. However, mutations 
in the coding region were not found. Variants were observed in the 
liver promoter at —258 and the islet B-cell promoter at —30. A 
block transversion mutation near this latter region in the rat pro- 
moter resulted in a 22% reduction in promoter activity in vitro,” 
and the region of the —30 base is known to be completely homolo- 
gous between the rat and the human. However, the functional im- 
portance of this region in humans is not known for certain. This 
variant promoter was associated with an increased frequency of 
impaired glucose tolerance in a group of Japanese middle-aged 
men who were surveyed in a population under study in Seattle, and 
when this population was resurveyed 5 years later, this was con- 
firmed.'”® Further analysis of the population demonstrated an asso- 
ciation between this variant and a 30% reduction in early insulin 
responses to oral glucose challenge. This was true whether or not 
the individual had normal or impaired glucose tolerance. Thus it 
was concluded that the —30 promoter variant may be an example 
of a common genetic variation which increases the risk of impaired 
glucose tolerance and contributes to the increased frequency of 
T2DM in this population. However, the pathophysiology of im- 
paired glucose tolerance is heterogeneous even in this population, 
and therefore multiple factors are probably interacting to produce 
clinical hyperglycemia. Furthermore, as discussed earlier, for this 
phenotyping it is necessary to recognize that insulin sensitivity 
modulates B-cell responses to glucose, and therefore the assess- 
ment of B-cell function can be complex. This may explain why 
populations do not show linkage between the glucokinase locus 
when clinical diabetes is used as the phenotype,'®*?°°?? but may 
show association with glucose intolerance. seen 


The High-Affinity B-Cell Sulfonylurea 

Receptor (SUR-1) 

This molecule couples with an inwardly rectifying potassium 
channel (Kir6.2) and acts as a regulatory subunit for coupling glu- 
cose metabolism through its nucleotide binding sites for ATP and 
ADP to regulate the potassium channel and membrane conduc- 
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tance for control of calcium influx and insulin secretion.” A num- 
ber of variants of this receptor have been described. 

A silent variant in exon 22, ACC — ACT at nucleotide 761 was 
more common in patients than in controls with an odds ratio of 3, 
while an intronic T —> C change at position —3 of the exon 24 
splice acceptor site was also more common, with an odds ratio of 
1.9. The combination occurred in 8.9% of patients and 0.5% of 
control subjects. Therefore, it was suggested that this locus may be 
a contributor to T2DM in Northern European Caucasians.” 

Sixty-three T2DM patients were completely screened from a 
Danish population.” One variant, a C/T in the silent exon 18 at 
position 775 and an intron 3c/—3t were found together more fre- 
quently in T2DM patients than control subjects. Ten of 300 unre- 
lated, healthy, young Danish Caucasians had the combined at-risk 
genotype associated with a 50% reduction in serum C peptide and 
a 40% reduction in serum insulin responses to tolbutamide, but not 
to glucose injection. Therefore, there is only a possible association 
with T2DM and SUR-1 in some populations. 


GLUT-2 

GLUT-2 is a high-K,, (low affinity) glucose transporter ex- 
pressed in liver, islet B cells, kidney, and intestine. Coupled with 
glucokinase, GLUT-2 has been proposed to act as part of the 
glucose-sensing mechanism in B cells.™™ A sib-pair analysis in 
Pima Indians demonstrated significant linkage between GLUT-2 
and the acute insulin response to glucose, but no linkage with 
T2DM.'** Studies in a Japanese group of pedigrees with affected 
members showed a possible association between a polymorphic 
marker near the GLUT-2 locus, but follow-up in 60 subjects with 
complete gene scans found three Thr110Ile mutations and one 
Pro68Leu mutation that were not associated with disease.” In 
summary, association with disease has not been found. 


Glucagon Receptor 

A screening study of the glucagon receptor gene was reported 
in 1995 in a population of Sardinian and French families.?!° Eighty 
multiplex, French type 2 diabetic families were investigated first. 
In exon 2 a single heterozygous missense mutation GGT 40 > 
AGT 40 (Gly40Ser) was identified in 5 of the 80 tested. Subse- 
quently, a further 136 unrelated patients from additional families 
and 96 unrelated patients from Sardinia were screened. The overall 
frequency was 4.6% in the French and 8.3% in the Sardinians. 
Three control groups were also tested. The trend of the two popula- 
tions was similar. When tested together, there was a highly signifi- 
cant association with T2DM. Linkage was tested using the trans- 
mission/dysequilibrium (TD) test and the estimated transmission 
frequency of .727 was significantly higher than the expected value 
of .5. This required subjects with impaired glucose tolerance, im- 
paired fasting glucose, or T2DM to be considered affected, al- 
though impaired glucose tolerance and impaired fasting glucose 
combined were also significant. Overt T2DM assessed alone was 
not. This receptor variant was expressed in BHK cells and trans- 
fected clones tested for binding. Compared to wild-type receptor, 
labeled glucagon had a threefold lower affinity for the mutant. 

Unfortunately, subsequent studies were quite variable and not 
confirmatory.”'!"?!9 Similar association data have been reported 
with the —30 B-cell glucokinase promoter (see above), and suggest 
the possibility that there may be genetic factors which predispose 
to impaired glucose tolerance, but whose impact on blood glucose 
is so modest that because they are common variants, the effect does 
not become noticeable when surveying the entire population and 
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comparing overt diabetes as the affected with a group including 
impaired glucose tolerance and impaired fasting glucose among 
the nonaffected populations. Thus detailed phenotypic characteri- 
zation may be critical if such a variation is a significant contributor 
to the eventual development of risk for T2DM in a population. 


Other Candidate Genes 

Many other candidate genes have been screened, but none has 
been consistently associated with type 2 diabetes. Total genome 
scans have been almost as equally disappointing to date, although 
not nearly as extensive.” 0-7 


Genome-Wide Scanning for Type 2 Diabetes 


There are five groups that have assembled the necessary resources, 
including identification of a suitable population, clinical phenotyp- 
ing, metabolic studies, and genetic analytic techniques, that are en- 
abling them to pursue this approach. However, since the popula- 
tions vary and the selection criteria are different, it is likely that the 
outcomes will be different. 

The first group reported on a population of 217 individuals 
from 26 families screened from 4000 individuals in a population 
isolated in western Finland (Botnia), an area where Swedes are liv- 
ing.?”" The total population of the region is 60,000. Over a 5-year 
period, families with a positive history of diabetes at four health 
centers were recruited to participate in clinical characterization 
studies with an overall participation rate of 90%. In total, 1180 type 
2 diabetes patients and 3005 family members were phenotyped. 
Families containing three or more affected individuals, with at least 
one subject having disease onset before age 60 years and another 
before age 65 years, were selected for analysis. A 10-cM sequence 
length polymorphic map was made of the 217 individuals and a 
nonparametric method used for evaluation. This analysis revealed 
no significant or even suggestive evidence for susceptibility loci 
predisposing to T2DM. However, to further phenotype individuals, 
they selected the early insulin response during the oral glucose tol- 
erance test (30-minute insulin level) among affected individuals as 
an indicator of insulin secretion to rank families. Families were 
partitioned into four quartiles and the data reanalyzed. In the quar- 
tile with the lowest insulin levels, a region near D12S366 on chro- 
mosome 12q was highly significant, and with additional markers in 
this region, evidence for linkage was observed with an approximate 
LOD score of 3.65. This is the region of the MODY-3 gene, but the 
lowest quartile families do not fit the usual phenotypic definition of 
MODY-3 families. Subsequent screening of 86 of these subjects 
failed to demonstrate a mutation in the HNFla gene, suggesting 
that a nearby gene is possibly involved. 

Hanis and colleagues performed a sib-pair analysis on a group 
of Mexican American families from Starr County, Texas.” This 
group consisted of 408 Mexican American individuals with 330 af- 
fected sib-pairs from 170 sibships. One marker at D2S!25 showed 
evidence for linkage with an LOD score >2.6. Follow-up studies 
were made in another group of Mexican-Americans consisting of 
166 individuals from 76 sibships for a total of 110 affected sib- 
pairs, and were compared with a group of Japanese affected sib- 
pairs consisting of 213 individuals from 97 sibships for a total of 
140 affected sib-pairs. An oral glucose tolerance test using WHO 
criteria, current oral hypoglycemic agent, or insulin use was used 
to determine the affected. Several markers showed some evidence 
for linkage with type 2 diabetes in this second sample. When com- 
bined, only D2S125 met the genome-wide criteria with significant 
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evidence for linkage with IBS X, and MLS values in the combined 
sample of 30.25 and 4.10. There was no evidence for linkage in the 
Japanese population or in a group of heterogeneous non-Hispanic 
whites who were also screened. Subsequently, positional cloning at 
this location on chromosome 2 demonstrated a common (G/A) 
variation in an intron of the gene encoding calpain-10.””° A ho- 
mozygous polymorphism (G/G) of UCSNP-43 was the at-risk 
genotype in this Mexican-American population. Recently, three 
biallelic polymorphisms UCSNP-43 (G/A), — 19 (32 bp ins/del), 
and —63 (C/T) have been found to have the greatest association 
with T2DM in this population.””’ In Pima Indians this genotype 
was not associated with type 2 diabetes, but in normal glucose- 
tolerant relatives, GG homozygotes were found to be relatively in- 
sulin resistant and to have reduced calpain-10 mRNA expression in 
skeletal muscle.?** A northern European population from Botnia, 
Finland was also tested and the G/G polymorphism was again as- 
sociated with T2DM.”° Therefore, it appears to be a risk factor in 
some populations despite being in a noncoding region of the gene 
without any clear-cut function. The message is expressed in many 
tissues and therefore its physiologic impact is not yet known. 

In summary, whole genome searches using the affected sib- 
pair method have been undertaken by a variety of groups to com- 
plement the ongoing work on candidate genes for T2DM. The re- 
sults to date have been modest, largely because of the difficulties of 
the effort. The FUSION group has pointed out that 400 pairs typed 
on a 10-cM map will require a 1.8-fold excess risk to siblings of af- 
fected individuals at an LOD score of 3.0 with 82% power. How- 
ever, this drops to an LOD score of 1.0 for a 1.4-fold excess risk. It 
is also pointed out that it would require 800 such pairs to have 70% 
power to detect a locus with an impact estimated by the Starr 
County investigators for their chromosome 2 finding to produce an 
LOD score of 3.0, and even this would be reduced to an LOD score 
of 1.59 if the locus only confers a 1.2-fold excess risk. Thus it is 
becoming obvious that detection of genes for type 2 diabetes is 
going to be extremely complex and difficult if the impact of these 
genes is relatively modest and their frequencies either relatively 
low or very high or if they interact in some way, which is likely. 
This probably explains why even the results of the initial efforts 
have not replicated one another, and only one potential gene has 
been identified. Thus identification of genes for type 2 diabetes will 
almost certainly require pooling of data among investigative 
groups. Fortunately, such efforts have begun, and with the recent 
success of the human, mouse, and rat genome sequencing efforts, 
should lead to rapid progress. 


GENETIC STUDIES OF RARER FORMS 
OF ALTERED GLUCOSE METABOLISM 
ASSOCIATED WITH DEFECTS IN B-CELL GENES 


Mitochondrial Diabetes 


The first case of mitochondrial disease with diabetes without mus- 
cle or nerve dysfunction except for sensorineural hearing loss was 
reported a decade ago,'”4 with an increasing number of cases seen 
since. The general characteristic appears to be an early, selective 
impairment of insulin secretion and a later global metabolic dys- 
function similar to classical T2DM with insulin resistance and fast- 
ing hyperglycemia.” 7! However, the diabetes often progresses 
to absolute insulin deficiency and the need for insulin treatment. In 
some cases an autoantibody to glutamic acid decarboxylase 


(GAD)*” or islet cells CAs)” is present. Since these markers are 


used to assist in the diagnosis of T1DM, there can be confusion re- 
garding classification. In a detailed analysis of subjects with a 
known mitochondrial defect from families with associated dia- 
betes, those with normal glucose tolerance or impaired glucose tol- 
erance appear to have either a failure to prime the insulin secretory 
response by a prolonged glucose infusion or an inability to stimu- 
late ultradian insulin secretory-oscillations.?*""*? As the disease 
progresses, clear-cut impaired insulin secretion in response to a 
standard glycemic challenge becomes obvious, and insulin resis- 
tance may develop.!”° 234 Since it has been shown that islet B cells 
are dependent on mitochondrial metabolism for function,” 
with associated high rates of blood flow to the organ and relatively 
high rates of oxygen consumption, it is assumed that islets are a 
critical tissue, along with nerve and muscle, that depend on mito- 
chondrial oxidative phosphorylation. Despite the general similari- 
ties that have been described, there are great differences among in- 
dividuals in clinical presentation, age of onset, rate of progression, 
and eventual dependence on insulin. Furthermore, individuals with 
the same molecular lesion may have vastly different clinical mani- 
festations, and/or several quite different clinical syndromes may 
have the same underlying genetic defect. Some of the heterogene- 
ity can be explained by the tissue variability or cellular hetero- 
geneic (i.e., heteroplasmic) nature of the mitochondrial basis for 
the disease and some by varying genetic backgrounds of the sub- 
jects. However, from the studies that have been performed it is 
clear that there is not always a correlation between molecular and 
clinical findings. 


Maternally Inherited Diabetes 

and Deafness (MIDD) 

The first single large pedigree with MIDD associated with a 
10.4-kb deletion of mitochondrial DNA was described in 1992 by 
Ballinger and associates.'”* Further studies of this pedigree have 
shown the presence of a variety of mitochondrial rearrangements, 
and it is likely that the primary defect is mitochondrial DNA du- 
plication.?7”° Shortly afterward, van den Ouweland and colleagues 
described a pedigree with maternally inherited diabetes and deaf- 
ness with a heteroplasmic A — G mutation at 3243 in the 
tRNA'™ LER) portion of the mitochondrial genome.”*” This was 
rather surprising since the same mutation had been previously re- 
ported to be associated with the MELAS syndrome (mitochondrial 
encephalopathy, lactic acidosis, and stroke-like episodes).”** The 
reasons why the phenotype varies are unknown, but may be be- 
cause of differences in the degree of heteroplasmy. The clinical 
diagnosis of diabetes usually, but not always, precedes the detec- 
tion of clinical sensorineural hearing loss, but the age of presen- 
tation in a rather large Japanese population has varied from 11 to 
68 years.” The identical clinical picture has also been associated 
with several other less common mitochondrial mutations. The 
most common of these, the tRNA®® 8296 A — G mutation, was 
estimated to explain 1% of Japanese T2DM cases,” and the 3271 
T > CtRNA™©®) mutation to explain one-tenth as many.”“' An 
explanation for the poor correlation between the degree of hetero- 
plasmy in peripheral tissues and the severity of the diabetes melli- 
tus suggests that other genes or environmental factors are probably 
important to the clinical picture. 


Other Mitochondrial Syndromes 

Several neuromuscular mitochondrial syndromes are also as- 
sociated with diabetes. The most common one is the MELAS syn- 
drome, and it is usually also associated with the same 3243 A — G 
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mutation that can lead to MIDD. The explanation for the variation 
is not known, but presumably it results from heteroplasmy which 
can result in a variable phenotype, or from the interaction with 
other unknown genetic defects or polymorphisms. Furthermore, 
other mutations™®?*! have been reported to be associated with this 
syndrome. Another rare mitochondrial syndrome is the Kearns- 
Sayre syndrome (KS syndrome), which is usually associated with a 
mitochondrial DNA deletion on muscle biopsy and is frequently 
associated with diabetes mellitus.”?°?"* 


Maturity-Onset Diabetes of the Young (MODY) 


In the great majority of patients with T2DM, a diagnosis is made in 
middle age. However, a subclass of this syndrome includes fami- 
lies in whom diabetes can be recognized in children, adolescents, 
and young adults, and has been clinically termed MODY.'”* Auto- 
somal dominant inheritance has been established in these families, 
and at least five specific mutations have been described. However, 
this does not include all of the families in whom a dominant ge- 
netic pattern with young family members has been observed, so 
more mutations are yet to be discovered. At times these patients 
have been confused with TIDM patients because they are young, 
some variants lead to relatively severe forms of insulin-deficient 
diabetes, and by and large most patients with this syndrome are 
lean. However, most of the patients are ketosis resistant, and even 
those who need insulin for control of glycemia are not usually ke- 
tosis prone. Since the more common variety of T2DM can also 
be present among these families, it is possible for an individual 
family member to have both syndromes, and therefore relative in- 
sulin deficiency may become more evident in the presence of in- 
sulin resistance and obesity and during periods of stress, infection 
or trauma. In some MODY patients, there may be easily diagnos- 
able clinical hyperglycemia, but in other members of the family 
with the same mutation, much milder degrees of hyperglycemia or 
glucose intolerance may be present. In the younger members diag- 
nosed by genetic screening, some may have normal glucose toler- 
ance although, when studied carefully, subtle abnormalities of in- 
sulin secretion may be detectable. MODY can be suspected and 
recognized if T2DM occurs in three or more generations and the 
pattern of inheritance conforms to an autosomal dominant type. 
Families have been diagnosed in Europe and the United States, as 
well as Japan and other Asian countries. Progression of hyper- 
glycemia depends on the specific genetic defect. Glucose tolerance 
may fluctuate depending on other factors, and variability among 
family members is assumed to be related to other genetic and envi- 
ronmental factors that can fluctuate over time. The true prevalence 
of MODY is unknown, but estimates have varied from 2-5% of pa- 
tients with T2DM to 10-20% of families with T2DM in multiple 
family members. Studies of the insulin secretory defects early in 
the course of the disease can distinguish among the various genetic 
mutations. 


MODY-1 (Hepatocyte Nuclear 

Factor- 4a [HNF-4a]) 

In 1996, mutations in the HNF-4a gene were shown to be 
the cause of MODY-1.7"" In this early large pedigree, there was 
a C — T substitution in codon 130 leading to a threonine-to- 
isoleucine substitution and a C — T substitution in codon 268 
which generated a nonsense mutation CAG (Gln) — TAG (AM) 
(Q268X). Both the isoleucine 130 and the amber mutation at codon 
268 were present on the same allele.”** 
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There are some affected subjects that have normal glucose tol- 
erance and some that have impaired glucose tolerance, but most 
have clinical hyperglycemia, although the age of diabetes onset is 
variable.™ Study of marker-positive family members with normal 
or slightly impaired fasting glucose shows reduced insulin secre- 
tory rates above 7 mmol/L glucose at steady state and an impaired 
ability to prime B-cell function after a 42-hour intravenous glu- 
cose infusion (Fig. 21-18).245 This pattern is different from 
MODY-2 and MODY-3. Approximately one-third of affected indi- 
viduals will require insulin treatment, and patients with this form 
of diabetes may have microvascular complications. Homozygous 
loss of functional protein in mice leads to embryonic lethality and 
defects in gastrulation.™® However, there are no obvious hepatic, 
renal, or gastrointestinal defects in family members. 

Several other families in the UK, Japan, and Scandinavia have 
been reported (Fig. 21-19), but this mutation is still a relatively in- 
frequent cause of MODY. By 2001 only 13 families had been 
identified." 


MODY:-2 (Glucokinase) 

The first candidate gene linkage in the MODY syndrome was 
described from a study of 16 French families with three or more 
generations of IGT or type 2 diabetes, and was found to link to a 
polymorphic marker adjacent to glucokinase at chromosomal 


FIGURE 21-18. Insulin secretion rates during graded intravenous glucose 
infusions administered to 6 marker-negative and 10 marker-positive sub- 
jects from the R-W MODY:-1 family after an overnight fast (baseline) and 
after a 42-hour intravenous infusion of glucose (postglucose) at a rate of 
4-6 mg - kg~' - minute~'. Data expressed as means + SE. (Reproduced 
with permission from Froguel et alPeey 
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FIGURE 21-19. The distribution of HNF-4a gene mutations in MODY-! families. When there is more than one 
family with a mutation, the number of families is shown in parentheses. (Reproduced with permission from 
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locus 7p.7*’ By 2001, a large number of families with more than 
130 different mutations involving all 10 exons, in populations dis- 
tributed worldwide of all racial types (Caucasian, black, and 
Asian) were described (Fig. 21-20).'"’"?* Twenty-eight of these 
mutations alter the protein sequence by changing one amino acid; 
six transform the sequence at the site of RNA splicing of an in- 
tron-exon or exon-intron junction, resulting in the expression of an 
abnormal species of messenger RNA: and eight are responsible for 
the synthesis of a truncated protein by creating a premature termi- 
nation codon by point mutation or deletion. Most are only present 
in single families. 

Glucokinase is present at critical levels in the liver and the 
pancreas, playing an important role in hepatic glucose storage by 
phosphorylation of glucose after absorption and in the endocrine 
pancreas by coupling the first step of glucose metabolism to 
insulin secretion through the generation of ATP and regulation of 
B-cell potassium conductance and calcium levels.” The degree of 
hyperglycemia is relatively mild, although it can be usually de- 
tected in children. Long-term complications are relatively unusual 
with this form of diabetes. Hyperglycemia remains stable for 
many years whether treated or not and progresses very little, in 
contrast to typical T2DM. Treatment with oral agents is usually 
satisfactory, and can lead to reasonable control for many years 
(Fig. 21-21),176244.249.250 


The major functional defect that has been observed is impaired 
insulin secretion; however, this may not be evident unless sophisti- 
cated testing is performed. Twenty-four-hour profiles of affected 
subjects show persistent, round-the-clock hyperglycemia, but in- 
sulin levels are only slightly reduced after meals and are no differ- 
ent at baseline and between meals. However, when glucose levels 
are matched during continuous infusions, they are reduced by at 
least 50%. As glycemia is increased, they are markedly reduced 
compared to healthy controls (Fig. 21-22).°*?*? Islet priming by a 
42-hour glucose infusion shows a response, but one of smaller 
magnitude than controls, and it is quite different from that ob- 
served in MODY-1 or MODY-3.7""7"*°? After an overnight fast, 
the entire curve is shifted down and to the right, whereas in 
MODY-| the curve rises normally until approximately 8 mmol/L 
and is then essentially flat throughout as it is in MODY-3. In 
MODY-2, glucose potentiation of arginine-induced insulin secre- 
tion is reduced, and glucose suppression of arginine-induced 
glucagon secretion is impaired.” The average fasting hepatic 
glycogen content has been shown to be similar in glucokinase- 
deficient and contro] subjects, but it is increased in both groups 
after meals, following a normal pattern throughout the day. How- 
ever, the net increment in hepatic glycogen content after each meal 
was 30-60% lower in glucokinase-deficient subjects.” Occa- 
sional cases of late-onset T2DM have been reported with muta- 


FIGURE 21-20. The exon-intron organization of the human glucokinase gene and mutations found in subjects 
with MODY-2. Amino acid residues are numbered as in the B-cell form of human glucokinase. The two amino 
acid polymorphisms in the unique NH;-terminal portion of B-cell glucokinase that is encoded by exon la are in- 
dicated (Asn/Gln-4 [D/N4] and Ala/Thr-11). (Reproduced with permission from Froguel et al”) 
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FIGURE 21-21. The relationship between 
age and fasting plasma glucose valucs in 
MODY-2? patients with glucokinase muta- 
tions. The fasting plasma glucose values 
increase very gradually with age (r = 
0.41; p = 0.002). (Reproduced with per- 
mission from Tanizawa, Y, Chiu KC: Role 
of glucokinase in the defective insulin se- 
cretion of diabetes. In: Flatt PR, Lenzen 0 
S, eds. Insulin Secretion and Pancreatic 

B-Cell Research. Smith-Gordon: 1994; 
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tions in glucokinase,” and the pattern of inheritance could not 
be differentiated from that of MODY. It is likely that some muta- 
tions produce a syndrome so mild that only obesity in middle age 
or aging-associated insulin resistance is associated with clinical 
hyperglycemia. 


FIGURE 21-22. Insulin secretion rates during graded intravenous glucose 
infusions administered to six MODY-2 subjects with glucokinase (GCK) 
mutations and six control subjects after an overnight fast (BASELINE) and 
a 42-hour intravenous infusion of glucose (POSTGLUCOSE) at a rate of 
4-6 mg - kg”'- min` '. Administration of the glucose infusion enhanced 
the insulin secretory response to glucose in both control and glucokinase- 
deficient subjects. Data are expressed as means + SE. (Reproduced with 
permission from Froguel et al.” ) 
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MODY-3 (Hepatocyte Nuclear 

Factor-la [HNF-1a]) 

In 1995, a genome-wide segregation analysis of highly inform- 
ative microsatellite markers in 12 French families with MODY re- 
ported the localization of a gene to the long arm of chromosome 12 
in 6 of 12 families.’ In 1996, Yamagata and associates showed 
that MODY-3 was the gene encoding HNF-la, a transcription fac- 
tor involved in tissue-specific regulation of liver genes which is 
also expressed in pancreatic islets and other tissues.” Seven dif- 
ferent mutations in HNF-la were found to cosegregate with 
MODY-3 diabetes. More than 120 different mutations have now 
been identified in MODY-3 families of various populations (Fig. 
21-23).77975"-°6' HNF-4a is a transcription factor for HNF-la. 
There is a mutation in one family with MODY-3 diabetes in the 
conserved region of the promoter that disrupts the binding site for 
the transcription factor HNF-4a.”© This finding suggests that a 
50% reduction in HNF-1la activity can lead to B-cell dysfunction 
and hyperglycemia. The true frequency of genetic variation in 
HNF-1a remains to be determined. 

An insulin secretory defect in the absence of insulin resistance 
was observed in diabetic and nondiabetic carriers of MODY-3 mu- 
tations with a pattern that during sequential glucose infusions is 
distinct from MODY-1 and MODY-2.7"°? In marker-positive 
normal glucose tolerance (NGT) subjects, the defect was not ob- 
served at glucose levels lower than 8 mmol/L, but became evident 
as glucose rose above this level (Fig. 21-24). Priming was still 
present in nondiabetic marker-positive subjects, but not in those 
with clinical hyperglycemia (Fig. 21-25). This type of MODY re- 
sembles late-onset type 2 diabetes in its natural history, with pa- 
tients progressing rapidly from impaired glucose tolerance to overt 
hyperglycemia with severe deterioration of insulin secretion. Thus 
it is frequently treated with oral hypoglycemic agents for a time, 
but often later requires insulin therapy.” Complications, such as 
proliferative retinopathy. have been observed frequently and at 
rates comparable to those seen in late-onset type 2 diabetics. How- 
ever, there is a low prevalence of obesity, dyslipidemia, and arterial 
hypertension, and unlike MODY-2, clinical disease with hyper- 
glycemia usually develops after puberty.”°7 


MODY-4 (Insulin Promoter Factor-1 [IPF-1]) 

One family with a mutation in the IPF-1 gene has been re- 
ported.™® IPF-1. also known as IDX-1, STF-1, and PDX-1, regu- 
lates both early pancreatic development and the expression of key 
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FIGURE 21-23. The distribution of HNF-la gene mutations in MODY-3 diabetes. When there is more than one 
family with a mutation, the number of families is shown in parentheses. (Reproduced with permission from 
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endocrine B-cell-specific genes, most notably insulin. Targeted 
homozygous destruction in mice results in pancreatic agenesis.”° 
Family studies simulated by a case with homozygous mutations 
in exon | of the coding sequence with pancreatic agenesis and 
neonatal diabetes”°° found a high prevalence of diabetes mellitus 
with age-dependent autosomal dominant transmission in six gen- 
erations.” The average age of onset of hyperglycemia is 35 years 
(range, 17-67 years) with the hyperglycemia clinically resem- 
bling MODY diabetes in that it is mild and treated with diet 
or oral hypoglycemic agents. The association between the muta- 
tion and the clinical syndrome was so significantly strong that the 
authors suggested the term MODY-4. Further screening in type 2 
diabetic families in the UK uncovered several mutations associ- 
ated with reduced function in vitro and an increased risk of 


FIGURE 21-24. Relationship between average plasma glucose concentra- 
tions and insulin secretion rates during the stepped glucose infusion studies 
in seven diabetic MODY-3 subjects (D). six nondiabetic MODY-3 subjects 
(A). and six contro] subjects (O). The lowest glucose levels and insulin se- 
cretion rates were measured under basal conditions. and subsequent levels 
were obtained during glucose infusion rates of 1. 2, 3, 4, 6 and 8 mg-kg™!- 
min” |. (Reproduced with permission from Byrne et al.?*") 
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impaired glucose tolerance or type 2 diabetes, but not MODY. 
It thus appears that these mutations are risk factors for type 2 
diabetes.7°”?* 


MODY-5 (Hepatocyte Nuclear 

Factor-1B [HNF-1B)]) 

HNF-18 is a member of a complex transcriptional regulatory 
network that includes HNF-la and HNF-4qa. It is a homeodomain- 
containing factor that is structurally related to HNF-la, and func- 
tions as a homodimer or a heterodimer with HNF-1a. Fifty-seven 
unrelated Japanese subjects with MODY were screened for muta- 
tions in these genes, and one family with a nonsense mutation in 
codon 177 (R177X) of HNF-18 was found, which in this family 
was associated with diabetes.” This family is complex in that one 
parent has what appears to be late-onset T2DM with no mutations 
identified. Further screening has been reported in additional fami- 
lies with early-onset T2DM and a frameshift mutation with a GG 
insert in exon 3 of HNF-B for Ala 263 designated A263fsinsGG 
has been found.*”” This MODY family has diabetes in three gener- 
ations with renal dysfunction consisting of renal cysts, proteinuria, 
and/or elevated creatinine. Additional families screened for MODY 
or renal disease in the UK uncovered additional mutations segre- 
gating with hyperglycemia and renal disease.*°”?”'~°”? 

More MODY mutants presumably will be found as only 60% 
of clinically dominant families with T2DM had an identified defect 
in 2001. 


GENETIC STUDIES OF RARER FORMS 
OF ALTERED GLUCOSE METABOLISM 
ASSOCIATED WITH MUTATIONS IN THE 
INSULIN RECEPTOR GENE 


Although insulin resistance plays a key role in the pathogenesis of 
type 2 diabetes, the molecular mechanisms that cause insulin resist- 
ance have not been elucidated in the majority of patients. However, 
there has been considerable success in identifying the cause of dia- 
betes in several uncommon syndromes of insulin resistance due to 
mutations in the insulin receptor gene (see review by Taylor”). 
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FIGURE 21-25. Graded intravenous glucose infusions were administered to 
six control subjects (A), six nondiabetic MODY-3 subjects (B). and seven 
diabetic MODY-3 subjects (C) after an overnight fast (baseline, A) and 
after a 42-hour intravenous infusion of glucose (postglucose. D) at a rate of 
4-6 mg: kg”! + min™'. (Reproduced with permission from Byrne et al.?*) 


Clinical Syndromes 


Leprechaunism 

Leprechaunism is the most severe clinical syndrome caused by 
mutations in the insulin receptor gene.'”-'*'?"4 These patients 
have glucose intolerance despite having extremely high insulin 
levels (100-fold above the normal range). In addition to insulin 
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resistance, patients have multiple abnormalities (e.g., intrauterine 
growth restriction and fasting hypoglycemia) and usually die 
within the first year of life. These patients have inactivating muta- 
tions in both alleles of the insulin receptor gene. In inbred pedi- 
grees, the patients are usually homozygous for a single mutant 
allele.?”*?”* In the absence of consanguinity, they are usually com- 
er ie 276,277 
pound heterozygotes with two different mutant alleles. 


Type A Insulin Resistance 

Type A insulin resistance is defined by the triad of insulin re- 
sistance, acanthosis nigricans, and hyperandrogenism (in female 
patients) in the absence of obesity or lipoatrophy.”*'*!?”8 Acantho- 
sis nigricans and hyperandrogenism correlate with hyperinsulin- 
emia, and it is believed that they are caused by “toxic” effects of in- 
sulin upon the skin and the ovaries, respectively.” Because these 
patients have defects in the function of their insulin receptors, it is 
unlikely that the toxic effects of insulin are mediated by insulin re- 
ceptors, but more likely by receptors for homologous peptides such 
as insulin-like growth factor 1. 

Most patients with type A insulin resistance are heterozygous 
for a single mutant allele, most often a mutation in the tyrosine ki- 
nase domain of the receptor.” a a Although some het- 
erozygotes have abnormal glucose tolerance, most do not exhibit 
fasting hyperglycemia. These patients are usually less insulin re- 
sistant than patients with two mutant alleles. Patients with type A 
insulin resistance with two mutant alleles of the insulin receptor 
gene can develop overt diabetes with fasting hyperglycemia during 
childhood or adolescence, but usually do not have fasting hyper- 
glycemia as infants.22-'¥0-!81.274.282.283 


Rabson-Mendenhall Syndrome 

The Rabson-Mendenhall syndrome is defined by the presence 
of several clinical features, including extreme insulin resistance, 
acanthosis nigricans, short stature due to growth retardation, abnor- 
malities of teeth and nails, and pineal hyperplasia. !”®-'8!!%4 This 
syndrome is intermediate in clinical severity between leprechaun- 
ism and type A insulin resistance. Although the distinction between 
leprechaunism and the Rabson-Mendenhall syndrome may not be 
clear at the time of birth, it has been suggested that diagnosis of 
Rabson-Mendenhall syndrome only be made in patients who sur- 
vive beyond 2 years of age. As in leprechaunism, patients with the 
Rabson-Mendenhall syndrome have inactivating mutations in both 
alleles of the insulin receptor gene,774784.285 


Specific Mutations 


Many different mutations have been identified in the insulin recep- 
tor. However, there are insufficient data to provide a reliable esti- 
mate of the prevalence of mutations in the insulin receptor gene, al- 
though currently available data are consistent with estimates that 
about 1% of patients with T2DM may have such mutations in their 
receptor gene.'*°*! In several instances the same mutation has 
been identified in two apparently unrelated patients. However, 
most of the published mutations have only been identified in single 
kindreds. The mutations have been separated into five classes 
based on the mechanisms that impair insulin receptor function 
(Fig. 21-26). This approach is a modification of the scheme pro- 
posed by Brown and Goldstein for the LDL receptor.” 


Class 1: Impaired Receptor Biosynthesis 
Several types of premature chain termination mutations have 
been identified in the insulin receptor gene (Fig. 21-27): nonsense 
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Class of 
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Transport Insulin Trans- | Endocytosis, 
Synthesis | to Plasma membrane ecin, 
Membrana Signalling | Degradation 


FIGURE 21-26. Classification of mutations in the insulin receptor gene. 
This drawing illustrates the major steps in the life of an insulin receptor. 
First, the gene is transcribed, and the RNA is spliced. The mature mRNA is 
transported from the nucleus to the cytosol where it is translated by ribo- 
somes on the rough endoplasmic reticulum. The receptor is transported 
through the endoplasmic reticulum and Golgi complex, the organelles that 
cause it to undergo multiple posttranslational modifications. Eventually the 
mature receptor is inserted in the plasma membrane. Insulin binds to the re- 
ceptor on the cell surface. As a result, the receptor undergoes autophospho- 
rylation and becomes activated as a tyrosine kinase. The interaction of in- 
sulin with its receptor initiates the various responses of the target cell to 
insulin. In addition, insulin binding triggers receptor endocytosis. The acid 
pH in the endosome dissociates insulin from its receptor. Subsequent to re- 
ceptor internalization, the receptor is either transported to lysosomes for 
degradation or recycled back to the plasma membrane for reutilization. The 
five major classes of genetic defects in receptor function are summarized in 
the table at the bottom of the figure. This classification scheme is based on 
the classification for genetic defects in the function of the low-density 
lipoprotein receptor originally proposed by Brown and Goldstein.™” (Re- 
produced with permission from Taylor. ® ) 


: , 274.276.277 Cees : : $ : ` 
mutations, mutations at intron-exon junctions that impair 


splicing of mRNA,”” and deletion mutations that shift the reading 
frame.**!** Premature chain termination mutations interfere with 
receptor biosynthesis, and lead to the synthesis of truncated recep- 
tor fragments. In addition, most premature chain termination muta- 
tions exert a cis-acting effect to decrease the level of mRNA tran- 
scribed from the mutant allele.?”*?”’ In some patients, mutant 
alleles have been demonstrated to decrease the level of insulin re- 
ceptor mRNA, but the mutations map outside the protein coding 
regions, most likely in regions of the gene that regulate its level of 
expression.”’”*° At least one patient with leprechaunism has been 
reported who was homozygous for a total deletion of both insulin 
receptor genes,” and several patients were homozygous for other 
null alleles.” 


Class 2: Impaired Transport of Receptors 

to the Cell Surface 

The insulin receptor precursor undergoes multiple posttrans- 
lational processing steps within the endoplasmic reticulum and 


Golgi complex. Some mutations impair transport through the en- 
doplasmic reticulum and Golgi to the plasma membrane, thereby 
reducing the number of receptors on the cell surface.°*'80!#!.281.283. 
294-297 Because these mutations prevent the receptor from folding 
into its normal conformation, some class 2 mutations also impair 
receptor function, e.g., decreasing the affinity of insulin bind- 
ing? or inhibiting activation of the receptor tyrosine kinase.” 
Most of the published mutations in this class are located in the N- 
terminal half of the œ subunit. However, at least one mutation that 
inhibited posttranslational processing of the proreceptor and trans- 
port of the receptor to the plasma membrane was located in the 
intracellular domain and inhibited receptor tyrosine kinase 
activity.” 


Class 3: Decreased Affinity of Insulin Binding 

Some mutations decrease the affinity with which the receptor 
binds insulin.'**'*' This is predicted to cause a rightward shift in 
the dose-response curve for insulin action, i.e., to decrease the sen- 
sitivity with which the target cell responds to insulin. A mutation 
substituting serine for arginine (R735S) was the first mutation re- 
ported to decrease the affinity of insulin binding.” ®?”” Arg735 is 
the last amino acid in the Arg-Lys-Arg-Arg motif at the proteolytic 
cleavage site between the a and B subunits. In addition to decreas- 
ing the affinity of insulin binding, the R735S mutation inhibits 
cleavage of the precursor into two subunits. 

Two mutations in the N-terminal half of the a subunit have 
also been reported to decrease the affinity of insulin binding, con- 
sistent with the hypothesis that the insulin binds to this region of 
the receptor.”*'*°'*! The N15K mutation causes a fivefold reduc- 
tion of affinity, and the $323L mutation essentially abolishes in- 
sulin binding.7#440030! 


Class 4: Impaired Tyrosine Kinase Activity 

Many mutations have been identified in the tyrosine kinase 
domain that inhibit receptor tyrosine kinase activity. The G1008V 
mutation was among the first mutations to be identified in this 
domain.*” Valine is substituted for Gly 1008, the third glycine in 
the highly conserved Gly-X-Gly-X-X-Gly motif in the ATP bind- 
ing site. Because ATP is the phosphate donor for the tyrosine ki- 
nase reaction, it is not surprising that a mutation in the ATP bind- 
ing site inactivates the tyrosine kinase. Unlike most mutations in 
the extracellular domain of the insulin receptor, mutations in the 
tyrosine kinase domain cause insulin resistance in a dominant 
fashion 22:!8*'8! 


Class 5: Accelerated Receptor Degradation 

Insulin binding triggers endocytosis of the insulin-receptor 
complex.*”* Internalized receptors are located in endosomes with 
the insulin-binding site oriented on the inside of the vesicle.*™ En- 
dosomal proton pumps acidify the interior of the endosome (pH 
5.5), and the acidic pH promotes dissociation of insulin from the 
receptor.” Subsequent to internalization, there are at least two 
pathways available to the receptor: recycling back to the plasma 
membrane for reutilization and degradation within the lysosome. 
Some mutations (i.e, K460E and N462S) impair the ability of 
acidic pH to dissociate insulin from the receptor.””°"°*?" Both mu- 
tations are associated with an impaired recycling pathway and pref- 
erential targeting of mutant receptors toward lysosomal degrada- 
tion, thereby accelerating receptor degradation and decreasing the 
number of receptors on the cell surface.?”°***"’ Receptor mis- 
sense mutations from classes 2-5 are shown in Fig. 21-28. 
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FIGURE 21-27. Mutations that impair receptor bio- 
synthesis (class 1). In this drawing of the receptor. the 
structural landmarks are indicated on the left side of 
the figure. Examples of class 1 mutations are indicated 
on the right side of the figure. These include nonsense 
mutations, as well as frameshilts and splicing muta- 
tions. (In the right half of the drawing, the tetrapeptide 
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oglu E: Syndromes associated with insulin resistance 
and acanthosis nigricans. J Basic Clin Physiol Phar- 
macol 7998;9:419. Used with permission.) 


Correlation of Molecular Defects 
with Clinical Syndromes 


At least three different theories have been considered to explain the 
fact that mutations in the insulin receptor gene cause several dis- 
tinct clinical syndromes. "®-'®' 


Severity of Insulin Resistance 

According to this hypothesis, the severity of insulin resistance 
determines the clinical manifestations. Patients with leprechaun- 
ism have mutations in both alleles of the insulin receptor 
gene,'*”'*' and exhibit the most extreme degree of insulin resis- 
tance. In contrast, heterozygosity for a single mutant allele causes 
the less severe syndrome of type A insulin resistance. Furthermore, 
even among patients with type A insulin resistance, the patients 
with two mutant alleles have a more severe form of the syndrome, 
characterized by fasting hyperglycemia. 


Existence of Branched Pathways 

Insulin is a hormone that has multiple biologic actions. The 
pathways for insulin action diverge in the biochemical steps distal to 
the receptor. According to this hypothesis, the effect of a mutation 
would depend on which biologic actions are impaired and which are 
preserved.’ For example, a mutation that impairs both the meta- 
bolic actions and the growth-promoting effects of insulin might 
cause leprechaunism (a syndrome with growth retardation as well 
as abnormal glucose tolerance). If a mutation selectively impairs 
only the ability of the receptor to mediate the metabolic actions of 


insulin, this might cause type A insulin resistance (a syndrome with 
abnormal glucose tolerance but normal growth). 


Genetic Variation at Different Loci 

According to this theory, the insulin receptor locus is the 
major disease gene responsible for the insulin resistance, but other 
genetic loci modulate the clinical syndrome. For example, defects 
in various growth factor receptors have been reported in patients 
with leprechaunism, and these defects may contribute to the 
growth retardation associated with the syndrome.*”? However, if 
the difference between type A insulin resistance and leprechau- 
nism were due to mutations at another genetic locus, then one 
would predict that mutations at the two genetic loci would segre- 
gate independently. If a child inherited the insulin receptor muta- 
tions in the absence of the mutations at the other locus, the patient 
would manifest type A insulin resistance. If another child in the 
same pedigree inherited mutations in both the insulin receptor and 
the other locus, then that child would develop leprechaunism. This 
pattern of inheritance has not been reported, although many kin- 
dreds have been reported with two or more siblings having the 
same clinical syndrome (i.e., either leprechaunism or type A in- 
sulin resistance). 

Nevertheless, it is likely that polygenic influences may explain 
some clinical variation between individuals with the same geno- 
type at the insulin receptor locus. Two sisters with type A insulin 
resistance (both homozygous for the F382V mutation) illustrate 
this clinical variability in the syndrome.***3!°3"! Although the 
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younger sister required treatment with several thousand units of in- 
sulin per day, the older sister responded to dietary management. 
The younger sister had such severe hyperandrogenism that she had 
never menstruated spontaneously and did not experience with- 
drawal bleeding when treated with estrogen-progestin, while the 


FIGURE 21-28. Missense mutations in the insulin 
receptor gene. Examples of missense mutations in 
the insulin receptor gene are indicated in the figure. 
These mutations either impair the transport of re- 
ceptors to the plasma membrane (class 2), decrease 
the affinity of insulin binding (class 3), impair tyro- 
sine kinase activity (class 4), or accelerate the rate 
at which receptors are degraded (class 5). (Modified 
from and based on Taylor SI, Arioglu E: Syndromes 
associated with insulin resistance and acanthosis 
nigricans. J Basic Clin Physiol Pharmacol /998;9: 
419. Used with permission.) 
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CHAPTER 22 


Insulin Resistance 


Jerrold M. Olefsky 
Yolanta T. Kruszynska 


In 1889 Mering and Minkowski’ demonstrated that total pancre- 
atectomy in dogs was followed by hyperglycemia, glycosuria, ke- 
tosis, and death. The similarity between this syndrome and diabetes 
mellitus was noted, and this suggested that diabetes mellitus was 
due to pancreatic deficiency. Following this, Banting and Best™? 
published their classic studies in which they showed that the seque- 
lae of total pancreatectomy could be controlled if dogs were treated 
with parenteral injections of a pancreatic extract obtained follow- 
ing ligation of the pancreatic ducts. Because of the enormous im- 
portance of these studies, most scientists in the field came to the 
conclusion that all human diabetes was entirely due to insulin defi- 
ciency. Despite this apparent consensus, it is important to realize 
that 27 years after the discovery of insulin, Himsworth’ pointed out 
“that in the diabetic patient insulin appears to vary in efficiency at 
different times.” He suggested that diabetes could be differentiated 
into “insulin sensitive” and “insulin insensitive” types on the basis 
of the blood glucose response to insulin administered immediately 
following an oral glucose load. 

Continuing this line of investigation, Himsworth published the 
accumulated evidence in support of his notion that insulin insensi- 
tivity, and not insulin deficiency, was present in many patients with 
diabetes. He further suggested that the classification of patients 
with diabetes into two groups corresponded to the clinical forms of 
diabetes: patients who are insulin-sensitive tended to be ketosis- 
prone, while the middle-aged, nonketotic diabetic tended to be 
insulin-insensitive. In 1960 Yalow and Berson published their 
study of the immunoassay of endogenous plasma insulin in hu- 
mans.” These results demonstrated that plasma insulin was indeed 
measurable in diabetic patients, and that on average, higher levels 
existed in the subjects with the adult-onset form of the disease. 
This term generally corresponds to the new classification of non- 
insulin-dependent (NIDDM) or type 2 diabetes mellitus (T2DM). 
On the basis of these results, they concluded “that the tissues of the 
maturity onset diabetic do not respond to insulin as well as the tis- 
sues of the non-diabetic subjects respond to insulin.” 

Since that time, plasma insulin levels have been measured 
many times under a variety of circumstances in diabetic patients. 
Rabinowitz and Zierler® provided the first direct evidence of in- 
sulin resistance in man when they demonstrated that intra-arterial 
administration of insulin produced significantly less glucose up- 
take by forearm muscle in obese subjects than in normal individu- 
als. In addition, newer techniques have been devised to directly 
estimate in vivo insulin action in a number of clinical and patho- 


physiologic states. From these studies it is now clear that resistance 
to the action of insulin is a characteristic feature of human obesity 
and non-insulin-dependent, or type 2, diabetes mellitus. In addition 
to these common clinical conditions, insulin resistance is also pres- 
ent in several unusual but well-defined syndromes such as 
acromegaly and lipodystrophy. In this chapter, the general problem 
of insulin resistance and its mechanisms will be discussed, and 
then we will turn to specific issues related to obesity and diabetes 
mellitus. Relatively less attention will be paid to the unusual syn- 
dromes of insulin resistance. 


GENERAL CONSIDERATIONS 


Insulin is produced in the pancreatic B cell as the primary biosyn- 
thetic product preproinsulin. Preproinsulin is rapidly converted to 
proinsulin (MW ~ 9000), most of which is cleaved into insulin 
(MW ~ 6000) and C peptide with only about 5% remaining as 
proinsulin. Insulin is secreted in response to a number of stimuli 
with glucose being the most important. After a brief circulating 
time (tı, 5-10 minutes), the hormone interacts with a specific re- 
ceptor on target tissues to exert its biologic effects. 

Insulin resistance is a state in which a given concentration of 
insulin produces a less than normal biologic response. Because one 
of insulin’s major effects is to promote overall glucose metabolism, 
abnormalities of this action of insulin can lead to a number of im- 
portant clinical and pathophysiologic states. Because insulin trav- 
els from the B cell through the circulation to the target tissue, 
events at any one of these loci can influence the ultimate action of 
the hormone. Therefore, it is useful to categorize insulin resistance 
according to known etiologic mechanisms (Table 22-1). In general, 
insulin resistance can be due to (1) an abnormal B-cell secretory 
product, (2) circulating insulin antagonists, or (3) a target tissue de- 
fect in insulin action. Subclassifications exist within each of these 
categories. 


CAUSES OF INSULIN RESISTANCE 


Abnormal B-Cell Secretory Product 


Several patients have been described who secrete a structurally ab- 
normal, biologically defective insulin molecule as a result of a 
mutation in the structural gene for insulin.” Others have been 
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TABLE 22-1. Causes of Insulin Resistance 


Abnormal B-cell secretory product 
Abnormal insulin molecule 
Incomplete conversion of proinsulin to insulin 
Circulating insulin antagonists 
Elevated levels of counterregulatory hormones, 
(e.g., growth hormone, cortisol, glucagon, or catecholamines) 
Elevated free fatty acid levels 
Anti-insulin antibodies 
Anti-insulin receptor antibodies 
Resistin 
Cytokines (TNF-a, interleukin 6) 
Target tissue defects 
Insulin receptor defects 
Postreceptor defects 


described with familial hyperproinsulinemia, caused by incom- 
plete conversion of proinsulin to insulin within the B-cell secretory 
granule as a result of structural abnormalities at the proteolytic 
cleavage sites of the proinsulin molecule.'”'! These syndromes are 
dealt with in more detail in Chaps. 3 and 21 and will not be dis- 
cussed further here, except to note that they do not represent 
insulin-resistant states in the most common usage of the term. Thus 
in these syndromes it is the hormone that is abnormal and the pa- 
tients are only resistant to their endogenous insulin and not to ex- 
ogenous insulin. 


Circulating Insulin Antagonists 


Circulating antagonists may be hormonal or nonhormonal. 


Hormonal Antagonists 

Hormonal antagonists include all of the known counterregula- 
tory hormones such as cortisol, growth hormone, glucagon, and 
catecholamines. Well-known clinical syndromes exist (Cushing’s 
disease, pheochromocytoma, glucagonoma, acromegaly) in which 
elevated levels of these hormones can induce an insulin-resistant 
diabetic state (see Chap. 25). However, in the usual case of obesity 
or T2DM, excessive levels of counterregulatory hormones are not 
an important contributory factor to insulin resistance. 


Glucocorticoids 

It is well known that excess endogenous or exogenous gluco- 
corticoids impair carbohydrate metabolism, and this is often re- 
ferred to as steroid diabetes. This effect is perhaps best exemplified 
in patients with Cushing’s syndrome. In these patients, carbohy- 
drate tolerance is often impaired. However, fasting hyperglycemia 
and overt symptomatic diabetes occur in less than 20% of patients, 
and the abnormalities of carbohydrate tolerance are generally lim- 
ited to those that can be elicited only through the stress of a glucose 
challenge. Analogous results are seen in patients who receive ex- 
ogenous glucocorticoids. In a patient with normal baseline carbo- 
hydrate tolerance, the usual effect of glucocorticoid administration 
will be some degree of deterioration of the ability to respond to a 
glucose load. Analysis of glucose tolerance tests after treatment 
with glucocorticoids reveals increased plasma insulin values ac- 
companied by only mild to moderate increases in glucose concen- 
tration.'? This pattern of glucose intolerance—increased glucose 
concentrations in the face of increased insulin concentrations—is 
characteristic of an insulin-resistant state. 


A number of mechanisms cause this decrease in insulin action, 
since glucocorticoids counteract the effects of insulin at several 
steps in glucose homeostasis. Hepatic glucose output increases in 
some patients with Cushing’s syndrome,'? as well as after infusion 
of cortisol,'* and the liver becomes resistant to the normal suppres- 
sive effect of insulin on hepatic glucose output.” Glucocorticoids 
increase the activity of key hepatic gluconeogenic enzymes" and 
the release of gluconeogenic substrates (amino acids, lactate, and 
glycerol) from peripheral tissues.'©'® Both increased substrate 
availability and increased hepatic ability to produce glucose from 
substrates are involved in the glucocorticoid-induced increase in 
hepatic glucose production. Furthermore, glucocorticoid treatment 
raises plasma glucagon levels,'*'? which also augments hepatic 
glucose production. Glucocorticoids can also decrease peripheral 
glucose utilization.'* Again, this effect is mediated through several 
mechanisms. Corticosteroids decrease the activity of the plasma 
membrane glucose transport system by decreasing the transport 
V max: They appear to do this by inhibiting the ability of insulin to 
mediate the recruitment, or translocation, of glucose transport pro- 
teins from the cell interior to the cell surface.”! Additionally, some 
glucocorticoids can cause a decrease in insulin binding to recep- 
tors, both in vivo and in vitro; this is mediated through a decrease in 
both receptor affinity?” and number.” In vivo, the effects of glu- 
cocorticoids that cause insulin resistance have been well docu- 
mented using the glucose clamp technique; they reduce the effect 
of insulin at all insulin concentrations’ and also markedly slow the 
rate of activation of insulin’s in vivo biologic effects.” Insulin se- 
cretory abnormalities have also been reported after steroid treat- 
ment (see Chaps. 21 and 25). 


Growth Hormone 

Growth hormone is a well-recognized circulating insulin an- 
tagonist. In chronic excess it can lead to carbohydrate intoler- 
ance.” Acromegaly can be associated with hyperinsulinemia, glu- 
cose intolerance, and decreased effectiveness of exogenous insulin. 
In most cases of acromegaly, compensatory hyperinsulinemia is 
sufficient to prevent gross deterioration of glucose homeostasis. 
Thus mild abnormalities of glucose tolerance are the rule, and less 
than 20% of patients develop fasting hyperglycemia.” The mecha- 
nism underlying the anti-insulin effects of growth hormone has not 
been clearly elucidated, in part due to the multiplicity of cellular 
effects of growth hormone and the heterogeneity of circulating 
forms of the hormone. Although excess growth hormone clearly 
leads to an insulin-resistant state in the chronic situation, the acute 
effects of growth hormone on insulin action are less clear. For ex- 
ample, in vitro the acute effects of growth hormone can be anabolic 
and insulin-like. Early in vivo studies showed that infusion of 
growth hormone leads to hyperinsulinemia and higher plasma glu- 
cose levels after an oral glucose load, suggesting insulin resist- 
ance;”® fasting plasma free fatty acid and ketone body levels are 
also increased despite the hyperinsulinemia.” Most studies have 
shown that growth hormone leads to an impairment of insulin- 
stimulated glucose uptake and may also impair insulin’s ability to 
suppress hepatic glucose output.”**”** These effects develop 2-12 
hours after exposure to high growth hormone levels and are most 
marked at submaximally stimulating insulin concentrations.” An 
additional major effect of this hormone is to induce the production 
of insulin-like growth factor 1 (IGF-1), and IGF-1 has its own cel- 
lular effects. Finally, insulin secretory abnormalities have also been 
reported. For a more detailed discussion of this subject the reader is 
referred to Chaps. 21 and 25. 


Chapter 22 


Catecholamines 

Excessive levels of circulating catecholamines can also antag- 
onize the effects of insulin, and several mechanisms are involved. 
Catecholamines can stimulate glucagon secretion (B-effect) and in- 
crease hepatic glucose production by direct stimulation of glyco- 
genolysis and gluconeogenesis (a- and B.-effect). In combination, 
these effects tend to cause hyperglycemia and are opposite to the 
actions of insulin. Additionally, catecholamines directly inhibit pe- 
ripheral glucose uptake (B-effect), and this has been demonstrated 
both in vitro in isolated adipocytes” and in vivo using the glucose 
clamp technique.***' It is also possible that in addition to direct 
insulin antagonistic effects, the A-adrenergic—induced augmenta- 
tion of lipolysis?" leads to a secondary fatty acid-induced de- 
crease in glucose uptake, at least in vivo, Catecholamines also im- 
pair B-cell insulin secretion by an a-adrenergic effect (see Chaps. 
9, 21, and 25) 


Placental Lactogen 

Lactogen is a placental-derived hormone that may be causally 
involved in the insulin resistance that develops during the late sec- 
ond and third trimesters of normal pregnancy. Other than its poten- 
tial role in the development of gestational diabetes, this hormone 
has little relevance to obesity or T2DM. Its mechanisms of action 
are not understood. 


Glucagon 

Glucagon influences glucose metabolism by augmenting he- 
patic glycogenolysis and gluconeogenesis, and in this sense, glu- 
cagon can counteract some of insulin’s effects. However, glucagon 
has no influence on insulin’s ability to promote peripheral glucose 
metabolism and does not lead to a true state of insulin resistance. 
For a detailed discussion of glucagon action, the reader is referred 
to Chap. 7. 


Nonhormonal Antagonists 


Free Fatty Acids 

Fasting plasma free fatty acid (FFA) levels tend to be higher in 
type 2 diabetic patients than in lean normal subjects, and suppres- 
sion of FFA levels after meals is impaired. These abnormalities are 
more marked in type 2 diabetic patients with significantly impaired 
insulin secretion and in obese patients. Elevated FFA levels are also 
found in other insulin-resistant states such as cirrhosis, uremia, and 
sepsis. A number of years ago Randle and coworkers” showed that 
FFAs could compete with glucose for oxidative metabolism in 
skeletal muscle and heart muscle. They hypothesized that elevated 
circulating levels of FFAs could impair peripheral glucose use. 
Studies using the glucose clamp technique have confirmed that ele- 
vated FFAs can induce mild insulin resistance.** ** However, the 
intracellular mechanism may differ from that originally proposed.” 
Thus, according to Randle’s hypothesis, the inhibition of glucose 
oxidation and glycolysis as a result of enhanced cellular FFA uptake 
would lead to increased intracellular glucose-6-phosphate levels, 
which in turn would inhibit the phosphorylation of incoming glucose 
and hence glucose uptake. It now appears that the decreased glu- 
cose uptake that develops after several hours of raised plasma FFA 
levels must involve additional direct effects of FFAs on insulin- 
stimulated glucose transport. Evidence for this comes from the 
finding that when plasma FFA levels were elevated during a hyper- 
insulinemic glucose clamp in normal subjects, gastrocnemius mus- 
cle glucose-6-phosphate levels progressively decreased instead of 
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increasing,” as did intracellular free glucose levels.*° These find- 
ings strongly suggest that prolonged elevation of FFA levels im- 
pairs insulin-stimulated muscle glucose transport. Recent data in- 
dicate that the mechanism may involve FFA-induced defects at 
several early steps in the insulin signaling pathway, including de- 
creased activation of phosphatidylinositol-3-kinase (PI-3-kinase), 
which is thought to be important for insulin’s enhancement of glu- 
cose transport.***’ These effects of FFAs may be mediated by ac- 
cumulation of long-chain fatty acyl coenzyme A. 

Skeletal muscle also uses FFAs from intramuscular triglyc- 
eride depots. Increased circulating FFA levels might be expected to 
promote the accumulation of triglycerides within the muscle if 
their supply exceeds immediate energy needs. Skeletal muscle 
triglyceride levels in nondiabetic subjects correlate inversely with 
whole-body insulin sensitivity and are a better predictor of insulin 
sensitivity than either body mass index or percentage of body 
fat.” Muscle triglyceride levels are increased in type 2 diabetic 
patients.“° Moreover, insulin-resistant offspring of type 2 diabetic 
patients have a much higher intramyocyte lipid content than do 
insulin-sensitive offspring matched for age, body mass index, 
physical activity, and percentage of body fat.??* 

Support for the hypothesis that increased availability of FFAs 
may contribute to insulin resistance and glucose intolerance also 
comes from studies using acipimox, a long-acting nicotinic acid 
analogue that potently inhibits lipolysis. When obese type 2 dia- 
betic and nondiabetic subjects were treated with this drug, FFA lev- 
els were reduced well into the normal range, and this was associ- 
ated with an improvement in oxidative and nonoxidative glucose 
metabolism. However, these were not normalized and the improve- 
ment in oral glucose tolerance was rather modest. Whether further 
improvements in glucose metabolism might be seen with pro- 
longed treatment that normalizes hepatic and muscle fat levels as 
well as circulating FFA levels remains to be seen. FFAs also play 
an important role in the regulation of hepatic glucose output and 
may contribute to hepatic insulin insensitivity in obesity and 
T2DM. This is discussed later in this chapter. Available evidence 
indicates that increased FFAs may contribute to both hepatic and 
peripheral tissue insulin insensitivity, but that FFAs probably ex- 
plain only a portion of the defect in carbohydrate metabolism that 
exists in T2DM. 


Anti-Insulin Antibodies 

Essentially all patients who receive animal-derived insulin for 
a long enough period of time eventually develop anti-insulin anti- 
bodies. In past years, insulin preparations were commonly a mix- 
ture of beef and pork insulins, and the antigenicity of these prepa- 
rations has been related to the insulin as well as the impurities 
within the mixture. In more recent years, highly purified insulins 
have been available and these have proven to be much less anti- 
genic. With the use of these newer preparations, the development 
of anti-insulin antibodies is much less of a problem than in the past. 
However, even with completely pure beef or pork insulin, some 
antigenicity would still exist, since there are structural differences 
between human and pork or beef insulin. Pork insulin differs from 
human insulin only at a single residue: B 30 is threonine in human 
and alanine in pork insulin. Beef insulin differs from human insulin 
at three amino acid residues, including the region of the intra-A- 
chain disulfide bridge, and this has a significant effect on the terti- 
ary structure of beef insulin. This explains the reduced antigenicity 
of pork insulin versus beef, and most anti-insulin sera have a lower 
affinity for pork insulin compared with beef. With the more recent 
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use of highly purified human insulin made by either recombinant 
or chemical methods, the problem of insulin antibodies has become 
even less of an issue, although low titers of insulin antibodies have 
been noted even in patients treated only with pure human insulin. 
The immunogenicity of an insulin preparation may be influenced 
by the route of insulin delivery. Thus insulin infused intraperi- 
toneally appears to be more immunogenic than subcutaneously in- 
fused insulin.” 

Although anti-insulin antibodies do not usually lead to a clini- 
cally significant insulin-resistant state, the presence of these anti- 
bodies alters the pharmacokinetics of insulin.“ High titers of 
high-affinity antibodies can act as a reservoir for insulin by binding 
the hormone when it initially enters the circulation and later releas- 
ing it. This increases the half-life of circulating insulin**“ and pro- 
longs the time course of insulin action.” 


Anti-Insulin Receptor Antibodies 

In a few well-documented cases, circulating endogenous im- 
munoglobulins directed against the insulin receptor have been de- 
scribed in insulin-resistant diabetic patients.“**’ This syndrome is 
extremely rare and is discussed in more detail later in this chapter. 
Possibly, patients will be discovered with antibodies against other 
critical proteins in the insulin action scheme, such as the glucose 
transporter. 


Resistin 

Resistin is a novel protein secreted by adipocytes that circu- 
lates in plasma and has been shown to antagonize some of the 
metabolic actions of insulin.“* Levels decrease with prolonged fast- 
ing and increase with refeeding. Acute administration of resistin to 
normal mice resulted in higher blood glucose and insulin responses 
to an oral glucose load and a blunted hypoglycemic response to ex- 
ogenous insulin. Conversely, administration of antiresistin anti- 
body to mice that became insulin resistant and glucose intolerant 
on a high-fat diet resulted in improved insulin sensitivity and glu- 
cose tolerance. These findings, and the observation that plasma re- 
sistin levels were increased in the genetically obese db/db and 
ob/ob mice, and in mice that developed obesity and insulin resist- 
ance after 8 weeks on a high-fat diet,** suggest that resistin could 
provide a link between obesity, insulin resistance, and T2DM. 


Other Insulin Antagonists 

Over the years a variety of antagonist activities have been re- 
ported in plasma of type 2 diabetic subjects. However, none of 
these earlier “insulin resistance factors” have been isolated and 
chemically identified, and thus cannot be substantiated, although 
reports continue to appear.” One such factor is islet amyloid 
polypeptide (IAPP). IAPP has a high degree of homology to calci- 
tonin gene-related peptide (CGRP), and is cosecreted with insulin 
from the islet B cell (see Chaps. 17 and 21). It can inhibit insulin- 
stimulated glucose uptake when pharmacologic doses are in- 
fused.°°*' However, subsequent studies have shown no anti-insulin 
actions of IAPP at high physiologic doses.*” Furthermore, trans- 
genic mice have been produced that overexpress the human [APP 
gene, leading to markedly elevated circulating concentrations of 
IAPP. These animals were not hyperglycemic, nor were they hy- 
perinsulinemic or insulin resistant.” Based on these studies, it 
seems unlikely that circulating IAPP plays a significant role in 
causing insulin resistance in human disease. In fact, [APP may 
have a beneficial role in glucose homeostasis because it inhibits 
postprandial glucagon secretion and gastric emptying.”'** 


Cytokines 

Cytokines such as tumor necrosis factor-a (TNF-a) and 
interleukin-6 (IL-6) may contribute to the insulin resistance associ- 
ated with sepsis, cirrhosis, or other severe illness. Recent studies 
have raised the provocative idea that they may also play a role in 
the insulin resistance of obesity and T2DM.***” TNF-a is pro- 
duced in adipose tissue, and elevated amounts of TNF-a are 
produced in a variety of genetic forms of obesity in animal mod- 
els. In vitro studies have shown that TNF-a can impair insulin 
receptor signaling.** Furthermore, neutralization of TNF-a by in 
vivo administration of soluble TNF-a receptors or TNF-a antibod- 
ies greatly ameliorated the insulin resistance in obese animals.**°” 
However, in obese type 2 diabetic patients, intravenous infusion of 
an antibody that neutralizes TNF-a had no effect on insulin resist- 
ance.°** Thus if excess adipocyte production of TNF-a in obesity 
contributes to insulin resistance, it probably does so not in an en- 
docrine fashion, but in a local autocrine or paracrine fashion. This 
is an interesting hypothesis, but one which will require consider- 
able future experimentation before the role of TNF-a in human 
pathophysiologic states characterized by insulin resistance will be 
fully understood. 

IL-6 is another cytokine that has recently been suggested to 
play a role in the insulin resistance of obesity and type 2 dia- 
betes.™*! IL-6 is produced by adipocytes as well as immune cells 
and circulating levels are increased in obesity and T2DM. As well 
as stimulating the hypothalamic-pituitary-adrenal axis, it also has 
direct effects on adipocyte metabolism. A C — G polymorphism at 
— 174 in the IL-6 gene was found to be associated with higher IL-6 
gene transcription and IL-6 secretion rates from adipocytes, and 
healthy carriers of this polymorphism had a twofold increase in 
fasting triglyceride and FFA levels. Postprandial FFA levels were 
also elevated." Thus IL-6 could contribute to insulin resistance 
through its effects on adrenal steroid production or as discussed 
above through a chronic elevation of plasma FFA levels. 


GENERAL CONSIDERATIONS 
OF INSULIN ACTION 


Before considering cellular causes of insulin resistance, it is useful 
to review some of the general concepts concerning normal and ab- 
normal insulin action. Figure 22-1 presents a schematic diagram of 
cellular insulin action. The first step involves binding of insulin to 
specific cell surface receptors. The amino acid sequence of the re- 
ceptor has been deduced from the cloned insulin receptor cDNA 
and consists of two identical a subunits and two B subunits, all 
linked together by disulfide bonds to form the full heterotetrameric 
structure.°* The a subunits are entirely extracellular, whereas the 
B subunits have an extracellular, transmembrane, and cytoplasmic 
domain. The a subunit contains the insulin binding site, and after 
the hormone binds, a transmembrane signal is generated which ini- 
tiates the insulin action program. The first known event following 
binding of insulin to its receptor is stimulation of a tyrosine kinase 
enzymatic activity intrinsic to the B subunit. Once activated, the B 
subunit undergoes an autocatalytic reaction (autophosphorylation) 
in which specific tyrosine residues within the subunit are phospho- 
rylated.” As a result of autophosphorylation the tyrosine kinase 
activity of the receptor B subunit is enhanced™~” such that it can 
now phosphorylate tyrosine residues on endogenous phosphopro- 
tein substrates, such as insulin receptor substrate-1 (IRS-1) (see 
below). A substantial body of evidence has accumulated indicating 
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FIGURE 22-1. Model of insulin action. Abnormalities can occur at the pre- 
receptor phase, involving biosynthesis and secretion of abnormal B-cell 
products; at the receptor binding phase, involving decreased insulin binding 
to receptors due to decreased receptor number or affinity; or at the postre- 
ceptor binding phase. involving any defect in the insulin action cascade dis- 
tal to the initial binding event. 


that the receptor kinase is a critical initial step in a variety of in- 
sulin’s biologic effects. For example, it has been shown by site- 
directed mutagenesis of the insulin receptor cDNA that a kinase- 
defective mutant insulin receptor can be made which, after 
transfection into host cells, is incapable of mediating insulin’s bio- 
effects.°°° Additionally, intracellular injection of antiphospho- 
tyefrosine antibodies effectively blocks insulin action.” 
Activation of the receptor initiates a signaling cascade which 
culminates in the metabolic and growth effects of insulin. Consid- 
erable progress has been made in elucidating the mechanisms by 
which the insulin signal is transmitted downstream from the acti- 
vated insulin receptor to the various insulin-regulated enzymes, 
transporters, and insulin-responsive genes (Fig. 22-1). This com- 
plex and rapidly evolving field is discussed only briefly as it is cov- 
ered in detail in Chap. 5. A number of cytosolic protein substrates 
of the insulin receptor kinase have been reported. The first of these 
to be identified as a key player in the insulin signaling pathway was 
insulin receptor substrate-1 (IRS-1).°°° It belongs to a growing 
family of proteins that also includes IRS-2, IRS-3, IRS-4, and a 
protein called shc. All of these are immediate substrates of the in- 
sulin receptor kinase and are involved in insulin signaling in differ- 
ent cells. A shared characteristic of these proteins is that they have 
no enzymatic activity, but instead act as docking proteins. Thus 
when tyrosine phosphorylates, they can associate with other pro- 
teins that contain src homology-2 (SH2) domains. *’ The latter 
are sequences of approximately 100 amino acids that can bind to 
specific short sequences that encompass a phosphotyrosine moiety. 
When specific SH2 domain-containing downstream signaling pro- 
teins bind to tyrosine phosphorylated IRS proteins or shc, a large 
multicomponent signaling complex is formed, leading ultimately 
to the modulation of the activities of lipid kinases, serine and thre- 
onine kinases, and phosphatases that act on insulin-regulated en- 
zymes and transcription factors. Recent evidence indicates that in- 
sulin receptors can phosphorylate Gagq/11, which would provide a 
mechanism for modulation of G protein signaling to glucose trans- 
port.’ It is now clear that a number of signaling pathways diverge 
at different points in the insulin action cascade. For example, the 
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mitogenic and metabolic actions of insulin are mediated by dist 
pathways downstream of the insulin receptor kinase, and eve 
single action of insulin, such as activation of glucose transp 
may involve more than one signaling pathway.” Although tyro: 
phosphorylation is a critical early step in insulin action, ot 
signaling processes may either modulate the phosphorylat 
mechanism or separately mediate specific insulin effects. Th 
may include the generation of various second messengers suct 
diacylglycerol, phosphoinositide-glycans, or changes in ion flux 
proteins, and the like.” 

Regardless of the precise nature of the signaling mechanis 
it eventually interacts with a variety of effector units, which me 
ate the entire host of biological actions attributable to insulin. 
many instances the effector unit consists of a series of steps su 
as a sequentially linked enzyme system (the glycogen syntha 
phosphorylase system) or a series of enzymes involved in t 
degradation of a particular substrate (glucose). Clearly, insulin < 
tion involves a cascade of events, and abnormalities anywhe 
along this sequence can lead to insulin resistance. For conve 
ience, cellular abnormalities in insulin action can be categoriz: 
under the headings of binding and postbinding defects. 

Decreased cellular insulin receptors have been described in 
variety of pathophysiologic situations. The most common of the: 
are obesity’"”° and T2DM.’*-”” Decreased insulin receptors hav 
also been described in acromegaly,” following glucocorticoid®! « 
oral contraceptive therapy,” and in several other less common co! 
ditions.**** Since the first step in insulin action involves binding 1 
the receptor, it is apparent that a decrease in cellular insulin recep 
tors could lead to insulin resistance. However, this potential rel: 
tionship is not as clear as it would seem because insulin target tis 
sues possess “spare” receptors.***° 

The spare receptor concept is based on the observation that 
maximal insulin effect is achieved at a concentration of insulin a 
which less than the total number of cellular receptors are occu 
pied. For example, for glucose transport in adipocytes and mus 
cle, maximal response is achieved with only 10-20% of the re 
ceptors occupied. Thus 80-90% of the normal complement o; 
receptors are “spare.” All of these spare receptors are potentially 
fully functional, but which receptors are occupied at any giver 
time is purely a random event; any group of occupied receptors 
amounting to 10-20% of the total would lead to the same meta- 
bolic response. Therefore, the cellular response to increasing in- 
sulin concentration is a continuous increase in receptor occupancy 
and biologic action until the critical number of occupied receptors 
needed to generate a maximal response is reached. Further in- 
creases in the prevailing insulin concentration beyond this point 
lead to a continued increase in receptor occupancy with no further 
increase in biological response, since a step distal to the receptor 
is now rate-limiting. The predicted functional consequence of a 
decrease in the number of receptors is a rightward shift in the 
dose-response curve for insulin action (i.e., a decreased response 
at lower insulin concentrations, but a normal response at maxi- 
mally effective hormone concentrations).’°*>"7 This is illustrated 
in Fig. 22-2. The degree of rightward shift of the insulin dose- 
response curve is proportional to the decrease in the number of 
receptors. The only time a decrease in the number of insulin re- 
ceptors can lead to a decrease in maximal insulin action is when 
less than 10-20% of the original receptor complement is present 
(Fig. 22-2). The proportion of spare receptors varies according to 
cell type and is also dependent upon which action of insulin is 
measured. 
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EFFECT OF RECEPTOR LOSS ON INSULIN DOSE-RESPONSE CURVE 
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FIGURE 22-2. Predicted functional consequence of a progressive loss of in- 
sulin receptors on the insulin biologic function dose-response curve. Re- 
sults represent theoretical dose-response curves in which the percentage of 
the maximal insulin effect (left axis) and the percentage of the normal max- 
imal amount bound (right axis) are plotted as a function of insulin concen- 
tration. With progressive receptor loss, the dose-response curves are in- 
creasingly shifted to the right with no change in maximal insulin action. 
although more insulin is necessary to elicit a maximal insulin response. If 
enough receptors are lost (95%) so that 5% of the original receptor comple- 
ment is present, both a rightward shift in the dose-response curve and a de- 
crease in maximal insulin response occur. 


It is apparent that the overall scheme of insulin action repre- 
sents a multistep sequence in which the binding of insulin to recep- 
tors is only the initial event. A defect in any of the effector systems 
distal to receptor binding can also lead to impaired insulin action 
and insulin resistance. These defects can involve abnormal cou- 
pling between insulin-receptor complexes and the effector system 
(e.g., glucose transport), decreased activity of the effector system 
per se, or a variety of intracellular enzymatic defects. In this con- 
text the term postbinding defect refers to any abnormality in the in- 
sulin action sequence following the initial insulin-receptor binding 
event. This defect could include an abnormality of the insulin re- 
ceptor that does not affect insulin binding but does affect the trans- 
membrane signaling function of the receptor (e.g., B-subunit ki- 
hase activity), or any defect in the insulin action sequence distal to 
the receptor. The latter can be termed a postreceptor defect and 
generally refers to abnormalities in effector proteins such as the 
glucose transporter or target enzymes. The most common type of 
postreceptor defect leads to a proportionate decrease in insulin ac- 
tion at all insulin concentrations, including maximally effective 
hormone levels.’°*’ Thus a decrease in the capacity of a rate-limiting 
step in the insulin action—glucose metabolism scheme leads to a re- 
duction in the maximal insulin effect, and this defect cannot be 
overcome by the addition of more insulin. 

On the basis of our understanding of normal insulin action, the 
etfects of binding versus postbinding defects on the in vivo insulin 
biologic function dose-response curve can be predicted, and by 
studying the insulin dose-response curve in insulin-resistant states 
the following distinctions, which are summarized in Fig. 22-3, can 
be made. 


1. An isolated decrease in the number of insulin receptors leads 
to a rightward shift in the insulin dose-response curve with no 
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FIGURE 22-3. Theoretical insulin biologic action dose-response curves. 
A. Binding defect (this includes decreased insulin binding and/or decreased 
coupling of insulin binding to biologic responses). B. Isolated postbinding 
defects. C. A combined binding and postbinding defect. 


change in maximal insulin action, and this is termed a decrease 
in insulin sensitivity (Fig. 22-3A). Certain kinds of postbinding 
defects involving the coupling mechanisms can also lead to 
rightward-shifted dose-response curves, leading to decreased 
insulin sensitivity. 

2. A pure postreceptor defect in insulin action usually leads to a 
proportionate reduction in biological effects at all insulin con- 
centrations. This is termed a decrease in insulin responsive- 
ness (Fig. 22-3B). 

3. If both a receptor and a postreceptor defect coexist, the 
dose-response curve shifts to the right and maximal insulin re- 
sponsiveness decreases (Fig. 22-3C). 


Hereafter, the terms decreased insulin sensitivity and de- 
creased insulin responsiveness will be used in relation to the con- 
cepts depicted in Fig. 22-3." One caveat when applying these 
concepts to in vivo insulin action is important to keep in mind: the 
heterogeneous nature of the system under study in vivo. 
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IN VIVO INSULIN RESISTANCE 
IN T2DM AND OBESITY 


Type 2 Diabetes 


Pathogenesis and Etiology 

Before beginning a detailed discussion of the insulin resistance 
in T2DM, it is useful to put this metabolic defect into perspective 
by examining the overall pathophysiology of this disease. Figure 
22-4 summarizes the physiologic abnormalities commonly seen in 
patients with T2DM. Although this is a genetically heterogeneous 
disease, once the diabetic syndrome is fully manifest, there is a 
final common metabolic pathway for the pathogenesis of hyper- 
glycemia which involves defects in the liver, in the pancreatic 
islets, and in peripheral target tissues, particularly skeletal mus- 
cle.5**! As shown in Fig. 22-4, increased basal hepatic glucose 
production is characteristic of essentially all type 2 diabetic pa- 
tients with fasting hyperglycemia.**°*"* Skeletal muscle is de- 
picted as the prototypical peripheral insulin target tissue, because 
in the in vivo insulin-stimulated state, 70-80% of all glucose up- 
take is into skeletal muscle. Target tissues are insulin resistant in 
T2DM, and this is a characteristic feature of this disease, seen in 
essentially all population groups studied. Lastly, abnormal islet cell 
function plays a central role in the eventual development of hyper- 
glycemia in T2DM; decreased B-cell function and increased 
glucagon secretion are also frequently present in the diabetic state. 
Taken together, abnormalities in these three organ systems account 
for the full-blown syndrome of T2DM. 

Figure 22-4 represents a pathophysiologic view at a single 
point in time after overt type 2 diabetes has developed. However, 
such a description does not provide insight into the natural history 
of the disease. The disorder is progressive, evolving in stages, as 
depicted in Fig. 22-5. Whether or not the insulin resistance of 
T2DM is a primary or a secondary phenomenon has been the 
subject of intense study in recent years. To answer this question, 


FIGURE 22-4. Summary of the metabolic abnormalities in type 2 diabetes 
mellitus (T2DM) that contribute to hyperglycemia. Increased hepatic glu- 
cose production, impaired insulin secretion. and insulin resistance due to 
receptor and postreceptor defects all combine to generate the hyper- 
glycemic state. 
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various prediabetic populations have been examined pros 
tively.” ®® In these studies, conducted in a wide variety of et 
populations, it has been reported that insulin resistance and hy 
insulinemia exist in the prediabetic state, many years before T2 
supervenes. At this stage, insulin secretion in response to ir 
venous glucose is also often increased.”*”’-” Thus, while acqu 
factors, such as obesity and a sedentary lifestyle, may be addit 
insulin resistance is likely to be a primary inherited componen 
the disease in most patients. In the presence of primary insulin 
sistance, if B-cell function is normal, hyperinsulinemia ensues v 
maintenance of relatively normal glucose homeostasis. Impai 
glucose tolerance (IGT) eventually develops in a subpopulatior. 
individuals with compensated insulin resistance. Those with I 
also typically have fasting and postprandial hyperinsulinemia. ` 
this is not sufficient to fully compensate for insulin resistance. T 
may be because they have a more profound degree of insulin resi 
ance or because of a limited ability to augment their insulin sec: 
tion rates.'” Although some subjects with IGT may revert to nc 
mal glucose tolerance, many will progress to overt T2DM. T 
proportion of insulin-resistant subjects who progress to T2DM d 
pends on the particular ethnic group studied. In most populatio: 
the rate of progression of IGT to type 2 diabetes is 2-6% per ye 
over 10 years.'°' Those who progress to T2DM display a marke 
decline in insulin secretion. The etiology of this decrease in B-ce 
function is not known. It may result from preprogrammed geneti 
abnormalities and/or from acquired insults such as that cause 
by the chronic effects of mild hyperglycemia or elevated FF, 
levels, commonly referred to as glucotoxicity and lipotoxicity 


FIGURE 22-5. Proposed etiology for the development of type 2 diabete: 
mellitus. HGO = hepatic glucose output. 
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respectively. It could also result from an inherited susceptibility to 
the effects of chronic hyperglycemia or elevated FFA levels. Re- 
gardless of the etiology, this decrease in insulin secretion is a major 
contributor to the development of the overt type 2 diabetic state. 

The contribution of genetics to the etiology of T2DM is well 
accepted, '” and is demonstrated by studies showing a greater than 
90% concordance rate for T2DM in identical twins.!° In addition, 
the incidence of T2DM is much higher in individuals with first- 
degree relatives with the disease.'™ Given this strong genetic com- 
ponent to T2DM and that insulin resistance predates the develop- 
ment of T2DM in most populations, it is likely that insulin 
resistance is an inherited initial lesion in most patients. However, 
considerable data also exist that indicate that the magnitude of the 
insulin resistance is greater in T2DM than it is in the prediabetic 
IGT state. Although not all reports agree with this conclusion, most 
do. For example, Eriksson and colleagues showed that offspring of 
type 2 diabetic parents are insulin resistant.” When they divided 
the cohort of offspring into weight- and age-matched groups with 
normal glucose tolerance (NGT), IGT, and T2DM, they found that 
the hyperglycemic diabetic offspring were more insulin resistant 
thar the NGT or IGT groups. Perhaps more compelling is the work 
by Vaag and associates, who studied monozygotic twins in which 
only one twin had T2DM.'” They found that the nondiabetic twins 
were insulin resistant compared to matched controls, but that the 
diabetic twins were considerably more insulin resistant. Obviously, 
these subjects were well matched for genetic influences as well as 
other factors. These studies are quite consistent with population- 
based results showing that type 2 diabetic subjects are more insulin 
resistant than those with IGT.” Thus one can propose that once 
T2DM develops, some factor creates a secondary component of in- 
sulin resistance that is additive to the component that existed in the 
prediabetic state. There is strong evidence that hyperglycemia per 
se plays a role and that elevated glucose levels can cause insulin re- 
sistance or exacerbate an underlying insulin-resistant state. "%97 

For example, poorly controlled type 1 diabetic patients are in- 
sulin resistant," as are alloxan diabetic dogs'”’ and pancreatec- 
tomized diabetic rats.''® The insulin resistance in recently diag- 
nosed type | diabetic patients is completely reversed by intensive 
insulin therapy,'°'°8 and in pancreatectomized diabetic rats it is 
normalized by controlling the hyperglycemia via phlorhizin- 
mediated renal glycosuria.''° In more direct experiments, when 
well-controlled type 1 diabetic patients were infused with glucose, 
whole-body insulin sensitivity, forearm glucose uptake, and muscle 
glycogen deposition were all reduced by approximately 35% after 
blood glucose had been maintained at 20 mmol/L (360 mg/dL) for 
a period of 24 hours.'!! In specific regard to T2DM, it has been 
shown that tight glycemic control achieved by intensive insulin 
therapy improves peripheral tissue insulin sensitivity by 17-75% in 
various studies.'°”''?-''3 Other forms of treatment which improve 
glycemia are also associated with partial restoration of insulin 
sensitivity in T2DM.”*!°7!'+''6 The most likely cause of this 
reversible component of insulin resistance is hyperglycemia- 
mediated glucotoxicity, although other factors associated with the 
poorly controlled hyperglycemic state such as elevated FFA levels 
may also play a role. 

From the foregoing it can be concluded that in established 
T2DM there are two components to insulin resistance. The first is a 
primary, probably inherited abnormality, and the second is an ac- 
quired component, most likely due to hyperglycemia-related toxic- 
ity. In this way, a vicious cycle is created in which hyperglycemia 
begets more hyperglycemia. 


As discussed above, insulin resistance is also a characteristic 
feature of subjects with IGT. 658 In general, subjects with IGT 
have less severe insulin resistance than patients with overt 
T2DM.’°”7"-!°5 Furthermore, as the degree of carbohydrate intol- 
erance worsens, the frequency of insulin resistance increases.” 
Thus many, but not all, subjects with IGT are insulin resistant, 
while essentially every type 2 diabetic patient with significant fast- 
ing hyperglycemia displays this abnormality. Obesity, particularly 
when it is centrally distributed, is a well-known condition also as- 
sociated with insulin resistance. Since most adult type 2 diabetic 
patients are overweight, obesity-induced insulin resistance is 
thought to be a contributing factor in the hyperglycemia of these 
patients. However, obesity does not account for all of the insulin 
resistance in this type of diabetic patient, since the insulin resist- 
ance exceeds that caused by obesity alone, and nonobese type 2 di- 
abetic patients are also insulin resistant.**-°''” 


In Vivo Studies of Insulin Sensitivity 

All methods of assessing insulin action in vivo rely, in one way 
or another, on measurement of the ability of a fixed dose or con- 
centration of insulin to promote glucose disposal. Thus a blunted 
decline in the plasma glucose concentration following intravenous 
insulin in T2DM has been demonstrated.''”'"* One approach to 
quantifying insulin sensitivity has been to infuse insulin and glu- 
cose at fixed rates while endogenous insulin secretion is inhibited 
by either a combination of epinephrine and propranolol, or by so- 
matostatin.''7'!?-'7° With this method, the resulting steady-state 
plasma glucose level reflects the action of the concomitantly in- 
fused insulin; the higher the steady-state plasma glucose, the 
greater the degree of insulin resistance.'!’ Another method of as- 
sessing insulin sensitivity is the “minimal model” developed by 
Bergman and colleagues,''’ in which the plasma glucose and in- 
sulin levels following an intravenous glucose bolus are fed into a 
mathematical model to generate an index of insulin sensitivity (S;). 
The test was adapted for type 2 diabetic patients with poor insulin 
secretion by giving an injection of insulin 20 minutes after the glu- 
cose bolus. With all these methods, significant insulin resistance 
has been demonstrated in the overwhelming majority of type 2 dia- 
betic patients. 

The site of this resistance to insulin-stimulated glucose dis- 
posal is primarily at the level of skeletal muscle. Thus, forearm and 
leg glucose balance studies have shown that 80-85% of overall in 
vivo insulin-mediated glucose uptake is accounted for by skeletal 
muscle, and that skeletal muscle is markedly resistant to insulin’s 
ability to stimulate glucose uptake in T2DM.'?!"!73 

More detailed in vivo studies of insulin sensitivity have been 
carried out using the euglycemic glucose clamp method developed 
by Andres and colleagues.''”'** With this approach, insulin is in- 
fused at a constant rate to maintain a given steady-state plasma in- 
sulin level. At the same time, the plasma glucose level is frequently 
monitored and hypoglycemia is prevented by infusing glucose at a 
variable rate, which is periodically adjusted to maintain a constant 
plasma glucose level. The amount of glucose that has to be infused 
to keep plasma glucose constant increases gradually until a steady 
state is reached. If a radioactive or stable isotope of glucose is also 
infused during the study, the rate of hepatic glucose output during 
the clamp can be quantified. At steady state, the isotopically meas- 
ured rate of glucose disposal provides an excellent quantitative as- 
sessment of the biological effect of a particular steady-state insulin 
concentration. If several studies at different insulin levels are per- 
formed in a given subject, the dose-response curve for insulin- 
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A. Steady-State Plasma Insulin | B. Glucose Disposal Rates 


150 
100 


FIGURE 22-6. Mean steady-state glucose disposal rates (right 50 


panel) and plasma insulin levels (left panel) for control subjects, 
nonobese subjects with impaired glucose tolerance, and type 2 
diabetic patients (T2DM) during euglycemic glucose clamp 
studies performed at an insulin infusion rate of 40 mU/m’/min. 
Results are plotted as means + SEM. 


stimulated glucose disposal and suppression of hepatic glucose 
output can be constructed. The steady-state glucose disposal data 
from such a glucose clamp study, in which a submaximally stimu- 
lating insulin infusion rate was used in normal, nonobese IGT sub- 
jects and obese or nonobese type 2 diabetic subjects, are shown in 
Fig. 22-6.” As can be seen, steady-state insulin levels were compa- 
rable in all subjects, but the glucose disposal rates were decreased 
in the patient groups and the magnitude of this defect was greatest 
in the patients with the worst carbohydrate intolerance. 

To further explore the mechanisms of this insulin resistance, 
the in vivo dose-response relationship was examined by perform- 
ing additional euglycemic glucose clamp studies at insulin infusion 
rates of 40, 120, 240, or 1200 mU/m*/min.” As seen in Fig. 22-7, 
the subjects with IGT had a rightward shift in their dose-response 
curves (diminished sensitivity), but their maximal rate of glucose 
disposal was not significantly different from that of the control sub- 


FIGURE 22-7. Mean insulin dose-response curves for glucose disposal in 
control subjects (@), subjects with impaired glucose tolerance (©), and 
nonobese (A) and obese (A) type 2 diabetic subjects. 
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jects, indicating normal insulin responsiveness. The patients wit: 
T2DM (obese and nonobese) exhibited both a rightward shift i 
their dose-response curves and a marked decrease in the maxima 
rate of glucose disposal. These changes tended to be more pro 
nounced in the obese diabetic patients, especially at the highest in 
sulin concentration. Clearly, the predominant lesion responsible fo 
the insulin-resistant state in the patients with fasting hyperglycemi: 
appears to be a postbinding defect in insulin action, leading to ¿ 
marked decrease in maximal insulin responsiveness. This abnor. 
mality is present in both nonobese and obese T2DM patients 
showing that this postbinding defect in insulin action is not simply 
a result of obesity. 

Inspection of the individual data in the type 2 diabetic pa- 
tients showed that the patients with the lower fasting glucose lev- 
els were less insulin resistant and had the smallest reductions in 
maximal glucose disposal rates (Fig. 22-8), which suggests that 
the degree of the postbinding defect is greater as the severity of 
the diabetic state increases. Clearly, this is consistent with the 
concept discussed earlier that there is a primary and an acquired 
component to the insulin resistance in T2DM, and that the ac- 
quired component may be secondary to the development of 
chronic hyperglycemia. 


Hepatic Glucose Metabolism 

The liver is capable of extracting glucose from the blood deliv- 
ered via portal vein and hepatic artery as well as releasing glucose 
derived from glycogenolysis or gluconeogenesis into the hepatic 
vein. 


Hepatic Glucose Production 

After an overnight fast, about 90% of the glucose released into 
the circulation comes from the liver. In normal subjects, basal glu- 
cose production rates are around 1.8-2.2 mg/kg/min. After carbo- 
hydrate ingestion, hepatic glucose output (HGO) falls and this 
helps to limit the rise in plasma glucose levels. As intestinal deliv- 
ery of glucose wanes, basal HGO rates must be restored to prevent 
hypoglycemia. These changes in HGO are largely mediated by 
changes in insulin and other hormones that oppose insulin’s effects 
on hepatic gluconeogenesis and glycogenolysis through alterations 
in the supply of gluconeogenic substrate, and by the effects of the 
hepatic plasma glucose concentration per se. 
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FIGURE 22-8. Relationship between fasting serum glu- 
cose level and maximal glucose disposal rate in individ- 
ual subjects with IGT (O) and nonobese (A) and obese 
(@) type 2 diabetes. 


HGO is abnormal in T2DM.”™°*!!2115 The basal rate of HGO 
is increased, whether or not the diabetic patients are obese, but is 
normal! in subjects with IGT (Fig. 22-9A). The importance of this 
abnormality in sustaining the hyperglycemic state is best illustrated 
by examining the relationship between HGO and the fasting 
plasma glucose level in individual subjects. Figure 22-9B illus- 
trates the very close correlation between these two variables. indi- 
cating that it ts the rate of glucose production by the liver that ap- 
pears to be most directly responsible for the level of fasting 
hyperglycemia in T2DM. 

Most studies suggest that gluconeogenesis is increased in 
T2DM and that this is the proximate cause of their increased 
HGO.'*-'?7 However, the exact mechanisms remain unclear, and it 
is likely that the abnormalities of gluconeogenesis and HGO are 
multifactorial in origin. Glucagon levels are elevated in T2DM (see 
Chap. 7), and the effect of glucagon to stimulate the synthesis and 
release of glucose by the liver is well known. Hyperglycemia nor- 
mally exerts a potent suppressive effect on a-cell glucagon secre- 
tion, and the presence of hyperglucagonemia in the face of hyper- 
glycemia is consistent with the view that pancreatic a cells are 
resistant to the inhibitory effects of glucose in type 2 diabetic sub- 
jects. Insulin also normally suppresses glucagon secretion. and this 
may reflect an intraislet paracrine function of B-cell insulin secre- 
tion inhibiting a-cell glucagon release.'** This effect is also possi- 
bly impaired in T2DM. Other factors could be at work. but regard- 
less of the mechanisms, increased a-cell function in T2DM is an 
important and consistent abnormality. If somatostatin is infused to 
induce isolated glucagonopenia, it can be demonstrated that about 
two-thirds of basal HGO is glucagon dependent in normal and type 
2 diabetic subjects. !??-"? 

Hepatic glucose production can be completely suppressed by 
high physiologic or supraphysiologic insulin levels in T2DM. but 
there is resistance to suppression of HGO at lower insulin concen- 
trations. '?"!?? This hepatic insulin resistance also likely contributes 
to exaggerated glucose production rates in this condition. Because 
insulin’s effect on HGO may in part be indirect and mediated by 
suppression of adipose tissue lipolysis and plasma FFA levels.'™ it 
is possible that the defect of HGO suppression in T2DM may in 
part be secondary to impaired suppression of plasma FFA levels by 
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FIGURE 22-9. A. Rates of hepatic glucose output (HGO) in the basal state 
(7 to 9 AM following an overnight fast) in normal subjects. subjects with 
IGT, and obese or nonobese subjects with type 2 diabetes. HGO is normal 
in patients with IGT but is increased in type 2 diabetes. B. Relationship be- 
tween hepatic glucose production rates and fasting serum glucose levels in 
type 2 diabetic subjects. 
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Chapter 22 
insulin. !3!-'7*-75 However, resistance to insulin’s direct effects on 
HGO is undoubtedly also present in T2DM.'*° 

Finally, the increased flux of the gluconeogenic precursors lac- 
tate, alanine, and glycerol from peripheral tissues to the liver may 
participate in the maintenance of the increased rate of HGO in 
T2DM'°’ The finding that plasma alanine levels are usually normal 
in T2DM despite increased entry of alanine into the circulation'”® 
is consistent with an increased uptake of alanine by the liver. The 
substrate-induced increase in HGO could be at least partly related 
to differences in intracellular disposition of glucose in peripheral 
target tissues in normal versus insulin-resistant type 2 diabetic sub- 
jects. In the basal state, Ra (the rate of glucose appearance) is in- 
creased in hyperglycemic type 2 diabetic patients because of in- 
creased HGO, and under the near steady-state conditions that exist 
in the basal state this means that total glucose disposal (Rd) is also 
elevated. When basal tissue glucose uptake is enhanced by hyper- 
glycemia in diabetes, the proportion of glucose metabolized by 
glycolysis to lactate and pyruvate tends to be increased." Some of 
the pyruvate is converted to alanine by transamination and these 
three-carbon compounds can be recycled to the liver (Cori cycle) to 
be reconverted to glucose, facilitating increased HGO. Consistent 
with this formulation, increased flow of three-carbon precursors 
from muscle in the basal state and their reincorporation into glu- 
cose has been described in T2DM.'**'”’ The increased FFA levels 
generally observed in hyperglycemic diabetic subjects could pro- 
vide the energy, via fatty acid oxidation, to drive the increased rate 
of hepatic gluconeogenesis. 


Hepatic Glucose Uptake 

Although earlier data held that the majority of orally ingested 
glucose was extracted by the liver and largely converted to glyco- 
gen,” more recent studies suggest that only 20-35% of oral glu- 
cose is directly taken up (as glucose) by the liver, and even less 
(about 10%) of the glucose absorbed from the gut is taken up on 
first pass.'“° Thus the majority of the incoming glucose load enters 
the peripheral circulation and skeletal muscle is quantitatively the 
predominant site of glucose disposal.'*! Taylor and colleagues, 
using '*CNMR spectroscopy to quantitate liver glycogen in normal 
subjects, estimated that only 19% of the carbohydrate content of a 
liquid meal consumed after an overnight fast was incorporated into 
liver glycogen.'*” Furthermore, much of the liver glycogen is de- 
rived through the indirect pathway from incoming amino acids, 
lactate, and pyruvate via gluconeogenesis (more properly glyco- 
neogenesis) rather than directly from glucose.'*'~'*? Insulin does 
not directly stimulate hepatic glucose uptake; it plays a permissive 
role. An increase in the portal venous glucose concentration and 
the establishment of a positive portal—arterial glucose gradient is a 
prerequisite for net hepatic glucose uptake;'"*'** under these cir- 
cumstances insulin will augment the net uptake of glucose by the 
liver.'*> After glucose ingestion, uptake of glucose by the liver 
(newly absorbed and recirculating) is impaired in T2DM.'*® A re- 
cent study found that in patients with T2DM, splanchnic glucose 
uptake during combined hyperinsulinemia and hyperglycemia was 
impaired, as was the incorporation of glucose into hepatic glyco- 
gen by the direct pathway, whereas hepatic glycogen synthesis via 
the indirect pathway from three-carbon intermediates was not sig- 
nificantly decreased. '* 

In summary, in T2DM the liver overproduces glucose in the 
basal state and the metabolic milieu is ideal to sustain this ability. 
Exaggerated hormonal stimulation is provided by the increased 
glucagon levels in combination with hepatic insulin resistance, and 
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augmented gluconeogenic precursor flow ensures adequate s 
strate availability. Finally, elevated FFA levels could provide 

necessary source of intracellular energy, via fatty acid oxidation 
drive the gluconeogenic process. Postprandially, suppression 
HGO and uptake of glucose by the liver are impaired in T2DM ¿ 
these defects contribute to postprandial hyperglycemia. 


Insulin-Mediated versus Non-Insulin-Mediated 
Glucose Uptake and the Pathogenesis of 
Hyperglycemia 

Overall glucose uptake can be conveniently divided into nc 
insulin-mediated glucose uptake (NIMGU) and insulin-mediat 
glucose uptake (IMGU) (Fig. 22-10). Because of the differenc 
in the relative proportions of insulin-mediated and non-insuli 
mediated glucose uptake with fasting and feeding, the cause 
fasting hyperglycemia is different from the cause of postprand: 
hyperglycemia. By definition, IMGU occurs only in insulin targ 
tissues under the influence of insulin. NIMGU comprises gluco 
uptake not under the influence of insulin and has two componen! 
NIMGU occurs in tissues (primarily the central nervous syster 
that are not targets for insulin action; it also involves insulin targ 
cells and consists of the basal rate (non-insulin-mediated) of gl 
cose disposal (Rd) by these tissues. Total glucose Rd equals tl 
sum of NIMGU plus IMGU (Fig. 22-10). NIMGU can be assesse 
in vivo by measuring glucose Rd under conditions of severe iu 
sulinopenia induced by an infusion of somatostatin. '*”'"8 Follov 
ing measurement of basal glucose Rd (at basal or fasting insuli 
and glucose levels), somatostatin is administered to inhibit insuli 
secretion to negligible levels. Glucose Rd gradually falls to a ne’ 
steady state that equals NIMGU, because insulin action is nearl 
absent under these conditions. Using this method, approximatel 
70% of basal glucose Rd is non-insulin-mediated in normal ev 
glycemic subjects and in type 2 diabetic subjects studied at thei 
basal level of hyperglycemia.'*” This means that in the basal state 
at all levels of glycemia, most of the glucose is disposed of by non 
insulin-mediated mechanisms, and that the elevated rates of basa 
glucose Rd (due to an increased HGO) that prevail in T2DM are as 
sociated with increased rates of NIMGU. 

How does this consideration of non-insulin-mediated anc 
insulin-mediated glucose uptake relate to the cause of fasting hy 
perglycemia? This is summarized in Table 22-2. Because IMGL 
comprises only 30% of basal glucose Rd, it follows that an impair: 
ment of IMGU due to insulin resistance and/or decreased insulir 
secretion will have little effect on overall basal glucose Rd o1 


FIGURE 22-10. Overall basal glucose uptake divided into its constituent 
parts. Most non-insulin-mediated glucose uptake occurs in the central nerv- 
ous system. 
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TABLE 22-2. Etiology of Fasting versus Postprandial 
Hyperglycemia 


Basal State 

1. Non-insulin-mediated glucose uptake predominantes (70% of basal 
glucose disposal) 

2. Glucose output (hepatic glucose production) equals glucose disposal 
(insulin-mediated glucose uptake plus non-insulin-mediated glucose 
uptake) equals 2 mg/kg/min 

3. Non-insulin-mediated glucose uptake equals 1.4. and insulin-mediated 
glucose uptake equals 0.6 mg/kg/min 

4. A 50% decrease in insulin-mediated glucose uptake equals a 15% de- 
crease in glucose disposal to 1.7 mg/kg/min 

5. Fasting blood glucose (85 mg/dL) increases to about 100 mg/dL, and 
glucose disposal increases 15%, back to 2.0 mg/kg/min 

6. If glucose output increases from 2.0 to 2.6 mg/kg/min, then insulin- 
mediated glucose uptake must increase from 0.6 to 1.2 mg/kg/min to 
prevent hyperglycemia 

7. This requires a five- to sixfold increase in insulin level, which cannot 
be readily achieved in type 2 diabetes mellitus 

8. Fasting hyperglycemia is largely secondary to increased glucose output 
(hepatic glucose production) 

Postprandial State 

|. Insulin-mediated glucose uptake predominates (80-90% of glucose dis- 

posal) 

. Postprandial glucose disposal increases to 7 mg/kg/min 

3. Non-insulin-mediated glucose uptake then equals 1.4, and insulin- 
mediated glucose uptake equals 5.6 mg/kg/min 

4. A 50% decrease in insulin-mediated glucose uptake leads to a 40% de- 
crease in glucose disposal 

5. Postprandial hyperglycemia is largely secondary to a restricted rise in 
insulin-mediated glucose uptake 


N 


fasting glucose levels. For example, if a normal basal rate of glu- 
cose Rd is 2 mg/kg/min and IMGU is equal to 0.6 mg/kg/min 
(30%), then a 50% decrease in IMGU will lower glucose Rd by 
0.3 mg/kg/min, a 15% reduction. A slight (about 15%) rise in 
plasma glucose level is all that is necessary to provide a sufficient 
mass action effect of glucose to restore glucose Rd back to the 
original level. Thus the restriction of IMGU in type 2 diabetes is 
not the proximate cause of fasting hyperglycemia. Because the 
fasting glucose level reflects the balance between glucose output 
and glucose Rd, then if reduced glucose Rd does not lead to signif- 
icant fasting hyperglycemia, it follows that increased glucose entry 
into the circulation (essentially HGO) is the factor most directly re- 
sponsible for fasting hyperglycemia. This is because in the setting 
of peripheral insulin resistance and impaired insulin secretion, the 
ability of IMGU to rise and accommodate an increase in glucose 
output is severely curtailed. Thus, using the above example (Table 
22-2), if basal HGO and glucose Rd are 2 mg/kg/min at eug- 
lycemia, with IMGU accounting for only 30% of glucose Rd, then 
a modest increase in HGO to 2.6 mg/kg/min would require a dou- 
bling of IMGU (from 0.6 to 1.2 mg/kg/min) to maintain glucose Rd 
equal to the new HGO with no change in basal glucose level. 

A normal subject can increase basal IMGU twofold with less 
than a twofold increase in plasma insulin above the basal concen- 
tration. Thus, with a normal ability to secrete insulin and a normal 
capacity of peripheral tissues to respond to insulin, a control sub- 
ject can easily accommodate a rise in glucose output from 2.0 to 
2.6 mg/kg/min with little if any change in fasting glucose level. In 
T2DM, the situation is quite different; a five- to sixfold increase in 
plasma insulin is necessary to increase IMGU twofold over the 
basal value. Thus, because of insulin resistance, type 2 diabetic 


subjects need much larger increases in plasma insulin to increase 
IMGU, and in view of their impaired insulin secretion, this is un- 
likely to be achieved. Therefore, the fasting glucose level must rise 
until the mass action effect of glucose raises glucose Rd suffi- 
ciently to match the increased glucose output and thus bring the 
system back into balance. At this point increased glucose output is 
matched by increased glucose Rd in the presence of fasting hyper- 
glycemia. Thus, in T2DM, the inability to augment IMGU due to 
the presence of insulin resistance and restricted insulin secretion 
provides the metabolic foundation that allows relatively small in- 
creases in glucose output (HGO) to cause direct and proportionate 
increases in the fasting glucose level.” 

The cause of postprandial hyperglycemia is quite different 
(Table 22-2). The majority of ingested glucose bypasses the liver 
and enters the peripheral circulation." ? This is accompanied by 
rapid suppression (60-90%) of HGO for 2-3 hours after carbohy- 
drate ingestion.'**!*°-'"? Therefore, in the postprandial state, the 
main source of glucose appearing in the circulation is the ingested 
carbohydrate. Glucose absorbed from the gut largely enters the 
systemic circulation to be disposed of mostly by skeletal muscle 
through a severalfold increase in IMGU. Since IMGU can make up 
80-90% of overall glucose disposal, decreases in IMGU due to in- 
sulin resistance and insulin deficiency will markedly reduce glu- 
cose disposal at any given glucose level. In T2DM, systemic deliv- 
ery of ingested glucose appears to be normal, but suppression of 
HGO is impaired as a result of insulin resistance and impaired in- 
sulin secretion,'*® which means that the total quantity of glucose 
appearing in the circulation is somewhat higher. In addition, the ef- 
ficiency of peripheral glucose removal is greatly reduced because 
of insulin resistance and impaired insulin secretion. Hepatic uptake 
of glucose (newly absorbed plus recirculating) is also impaired in 
T2DM.'™®!* Thus, postprandial hyperglycemia in T2DM is prima- 
rily due to impaired IMGU by peripheral tissues, with impaired 
suppression of HGO and impaired hepatic glucose uptake com- 
pounding the problem. Because of the very limited capacity for an 
acute increase in IMGU, postprandial glucose levels must rise 
markedly until the mass action effect of glucose raises glucose Rd 
to match glucose input and allow disposal of the incoming glucose 
load. 

In summary, in the basal state, NIMGU predominates, and de- 
creased IMGU will raise fasting blood glucose levels only mod- 
estly. Fasting hyperglycemia is primarily due to increased hepatic 
glucose production. In the postprandial state, IMGU normally pre- 
dominates, and the limited ability of type 2 diabetic subjects to in- 
crease IMGU allows the marked postprandial glucose excursions. 
Postprandial hyperglycemia is thus primarily due to glucose under- 
utilization by peripheral tissues (primarily muscle). 


Obesity 


Insulin resistance has been widely described in human obesity, and 
this has been documented by observing an attenuated ability of 
exogenous insulin to promote glucose disposal using a variety of 
techniques. These range from measurements of hypoglycemic re- 
sponses to bolus insulin injections,'*° forearm perfusions,° and glu- 
cose clamp studies.®*:'™-'°° Using the euglycemic clamp technique 
over a range of insulin infusion rates to construct individual insulin 
dose-response curves for in vivo glucose disposal and HGO (as 
discussed earlier), a rightward shift in the dose-response curve for 
insulin-stimulated glucose disposal is a consistent finding in obese 
subjects. However, the response to a maximally stimulating insulin 
concentration is quite variable, covering the whole spectrum from 
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normal to markedly reduced.!*° Figure 22-11 shows the mean in- 
sulin dose-response curves obtained in a group of normal and 
obese subjects. Some of the obese subjects achieved a normal or 
near-normal maximal insulin stimulated glucose disposal rate, 
whereas others displayed a markedly decreased maximal glucose 
disposal rate. In the figure, the obese subjects have been arbitrarily 
divided into two groups: (1) those showing a normal maximal rate 
of insulin-stimulated glucose disposal (group I obese) and (2) those 
displaying a markedly decreased maximal glucose disposal rate 
(group II obese). With this analysis, the insulin resistance associ- 
ated with obesity is heterogeneous; some patients display only a 
rightward shift in the dose-response curve, consistent with de- 
creased insulin binding as the sole abnormality (decreased insulin 
sensitivity), while others show a decreased maximal response, con- 
sistent with a postbinding defect in insulin action (decreased in- 
sulin responsiveness). Indeed, there are several reports of postbind- 
ing defects in insulin signaling in muscle and adipocytes from 
obese subjects. 

It is apparent that the patients with normal maximal rates of 
glucose disposal are less insulin resistant. They also are less hyper- 
insulinemic and have a smaller reduction in insulin receptors than 
the subjects with reduced maximal responsiveness (Fig. 22-12). Al- 
though all of the subjects were hyperinsulinemic and insulin resist- 
ant, the data suggest that no postbinding defect exists in the least 
affected subjects. The findings indicate a continuum of insulin re- 
sistance in human obesity such that in the mildly hyperinsulinemic, 


FIGURE 22-11. Dose-response curves for in vivo glucose disposal in con- 
trol subjects (@), and obese subjects separated into two groups on the basis 
of their maximal response: group I (©) and group II (A) (see text for de- 
tails). Results were obtained by performing euglycemic clamp studies in 
each subject with insulin infusion rates of 15. 40. 120, 240, or 1200 mU/ 
m/min. The initial point on the curve represents glucose disposal in the 
basal state as measured by a primed continuous infusion of 3-3H-glucose. 
Data are presented as mean + SEM. 
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insulin-resistant state, only a binding defect exists; however, as the 
hyperinsulinemic, insulin-resistant state worsens, a postbinding de- 
fect appears. 

Hepatic glucose output (HGO) was measured during all stud- 
ies and these results are plotted in Fig. 22-13. Basal HGO was 
comparable for al! groups when expressed as mg/m?°/min (66 + 5, 
63 + 4, and 67 + 5 mg/m’/min for control, group 1 obese, and 
group II obese, respectively), but was significantly higher for the 
normal subjects when expressed on a per kilogram basis (2.0 + 
0.2 mg/kg/min versus 1.4 + 0.1 and 1.3 + 0.1 mg/kg/min for the 
group I obese and group II obese, respectively). Several conclu- 
sions can be drawn from the data in Fig. 22-13. First, HGO can be 
totally suppressed in all subjects, provided high enough insulin 
concentrations are employed. Thus, in contrast to insulin’s effects 
on peripheral glucose disposal, the liver of obese subjects does not 
appear to exhibit a postbinding defect in this insulin effect. Second, 
the dose-response curves for HGO are shifted to the right in the 
obese groups, and the half-maximally effective insulin levels were 
33, 75, and 130 mU/L in normal, group I obese, and group II obese 
subjects, respectively. This parallels the results for peripheral glu- 
cose disposal. 

A number of factors, including the habitual physical activity 
level"! and the regional distribution of body fat,'*?"'°> could con- 
tribute to the heterogeneity of insulin resistance in human obesity. 
Overweight individuals tend to be sedentary. Bogardus and associ- 
ates’! found that the level of habitual physical activity (estimated 
by measurement of maximal oxygen consumption) accounted for 
about 25% of the variance in insulin-mediated glucose disposal in 
normal subjects over a wide range of body mass indices. It follows 
that the habitual physical activity level of obese subjects participat- 
ing in studies of insulin action could be one determinant of whether 
they have a decrease in maximal responsiveness or only a right- 
ward shift in their insulin dose-response curve. 

Several studies suggest that obese subjects with a predomi- 
nantly central (abdominal/truncal) distribution of body fat are more 
insulin resistant and have higher circulating insulin levels than 
those with peripheral obesity, independent of the overal! degree of 


FIGURE 22-12. Insulin binding by isolated adipocytes from control (@), 
group I (©), and group II (A) obese subjects. All data are corrected for non- 
specific binding and represent the mean (+ SEM) percentage of "SL insulin 
specifically bound/2 x 10° cells. 
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FIGURE 22-13. Mean dose-response curves 10 
for insulin-mediated suppression of basal 
hepatic glucose output for control (@), 
group I (©), and group II (A) obese subjects. 


obesity.'*?-!° In contrast, total body fat content rather than its dis- 
tribution is an important determinant of insulin sensitivity in mildly 
obese subjects. Once an individual exceeds 25-30% of ideal body 
weight (BMI > 27 kg/m’), further increases in total fat mass have 
relatively little additional influence on insulin sensitivity, and the 
distribution of fat (i.e., central versus peripheral) assumes greater 
importance as a determinant of insulin action and circulating in- 
sulin levels. !5*!55-156 Therefore, a more central distribution of body 
fat could be a determinant of whether obese subjects exhibit a de- 
crease in maximal insulin responsiveness. 

The prevailing view is that the adverse metabolic effects asso- 
ciated with central obesity are due to the accumulation of visceral 
fat, which is lipolytically more active.'*”!°* FFAs may impair he- 
patocyte insulin receptor function,'*’ and if so, this would cause 
decreased hepatic insulin clearance in subjects with central obe- 
sity.!© High circulating insulin levels may desensitize the target 
tissues at several steps in the insulin action sequence. This raises 
the possibility that the hyperinsulinemia in subjects with central 
abdominal obesity may cause a decrease in maximal insulin re- 
sponsiveness. This formulation fits with the observation that a de- 
crease in maximal insulin responsiveness is seen in the most hyper- 
insulinemic obese subjects, and that the magnitude of the defect is 
directly related to the degree of hyperinsulinemia. 


CELLULAR DEFECTS IN INSULIN ACTION 


From the foregoing discussion, it is likely that in obese or type 2 di- 
abetic patients with mild degrees of insulin resistance, the defect is 
characterized by decreased insulin sensitivity, which may be attrib- 
utable, at least in part, to a decreased number of insulin receptors. 
In those subjects with more severe insulin resistance, a postbinding 
defect in cellular insulin action is the predominant abnormality. A 
great deal of recent attention has been paid to elucidating potential 
postbinding abnormalities in insulin action in tissues from type 2 
diabetic and obese subjects. 


Insulin Binding 


As discussed earlier, a large number of studies have found that in- 
sulin binding to a variety of tissues is decreased in type 2 diabetic 
patients relative to controls, and many studies, but not all, have also 
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shown a decrement in obese patients.” +799150161162 Using par- 


tially purified adipocyte insulin receptors, it was found that at all 
concentrations of added insulin, the amount of insulin bound was 
20% lower in obese subjects and nearly 50% less per milligram of 
protein in the obese diabetics relative to lean controls. "° 


Insulin-Stimulated Autophosphorylation 


The first known event following insulin binding to its receptor is 
activation of the tyrosine kinase property intrinsic to the cytoplas- 
mic domain of the B subunit. For functional studies of receptor ki- 
nase activity, receptors can be partially purified from cells by affin- 
ity chromatography using the lectin wheat germ agglutinin to 
adsorb the receptors from solubilized cells. When wheat germ- 
purified receptors were preincubated with increasing concentra- 
tions of insulin, and then exposed to [y-° P]ATP, there was an 
insulin-dependent increase in the amount of *P incorporated into 
the ~92,000 MW B subunit, as shown in Fig. 22-14A for a control 
subject. When the bands corresponding to the B subunit were ex- 
cised and counted, a dose-response curve for insulin stimulation 
of autophosphorylation was constructed for subjects, as shown in 
Fig. 22-14B. 

Figure 22-15 illustrates the dose-response curves for auto- 
phosphorylation of adipocyte insulin receptors in control, obese, 
and type 2 diabetic subjects.’ In the absence of insulin, basal au- 
tophosphorylation was not significantly different among the three 
groups (control, 1.73 + 0.24; obese, 1.65 + 0.28; type 2 diabetic, 
1.47 + 0.37 fmol phosphate/76 fmol insulin-binding activity), and 
the basal level was subtracted from all corresponding values meas- 
ured in the presence of different concentrations of insulin. Ana- 
lyzed in this manner, the results displayed in Fig. 22-16 reflect only 
insulin-stimulated autophosphorylation. When equal amounts of 
insulin receptors were allowed to autophosphorylate, the amount of 
phosphate incorporated into the B subunit of the receptor was sim- 
ilar in the lean controls and nondiabetic obese subjects at all insulin 
concentrations. In contrast, the amount of autophosphorylation was 
markedly reduced ( p <0.01) in the type 2 diabetic subjects relative 
to the two other groups. 

As previously discussed, skeletal muscle represents the major 
insulin target tissue with respect to insulin-stimulated glucose dis- 
posal, and therefore it is important to examine insulin receptor ki- 
nase activity in this tissue. To accomplish this, the kinase activity 
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FIGURE 22-14. Dose-response of autophosphorylation of insulin receptors from human adipocytes. Aliquots of 
wheat germ-purified receptors from three lean nondiabetic subjects were preincubated in the presence and ab- 
sence of increasing concentrations of unlabeled insulin, with or without 0.5 ng/mL '**I-insulin. After 18 hours at 
4°C, autokinase and insulin-binding assays were performed. A. Representative autoradiograph of insulin- 
stimulated autophosphorylation from a control subject. B. The phosphorylated proteins corresponding to 92,000 
MW were located by autoradiography, excised, and counted. The amount of phosphate incorporated into the 92- 
kd band, expressed as the percentage of the maximal effect achieved at 1000 ng/mL insulin, is plotted as a func- 
tion of increasing concentrations of added insulin. C. Kinase data from B redrafted as a function of the fraction of 
total receptors occupied with insulin at each concentration of added insulin, as determined by Scatchard plots of 
the binding data. 


of insulin receptors was measured during glucose clamp studies from these biopsies, and this provides a measure of the ability of 
using a technique which determines the magnitude of receptor ki- circulating insulin to stimulate skeletal muscle insulin receptor ki- 
Nase activity as it existed in the in vivo situation stimulated by the hase activity in vivo. As shown in Fig. 22-16, the results are com- 
exogenous insulin infusion.'™ With this approach, glucose clamp parable to those observed in adipocytes, with decreased kinase ac- 
studies were performed at different insulin infusion rates, and tivity in type 2 diabetic patients compared to lean and obese 
skeletal muscle biopsies were performed 3 hours after each insulin nondiabetic subjects.’ Similar findings have been reported using 
infusion. Kinase activity is then assessed using receptors purified insulin receptors from liver'™ and erythrocytes.'* 


FIGURE 22-15. Insulin dose-response of autophosphoryla- y © 
tion. Aliquots of receptor preparations (76 fmol of insulin- X £ 
binding capacity/80 uL) were preincubated with 0, 2, Sor © Q 10 
500 ng/mL insulin, after which autokinase reactions were con- -E >, C 
ducted for 30 minutes at 4°C. For each subject, the amount of g oO on 
2P incorporated into the 92-kd band in the absence (basal) of 5 a 8 
insulin was subtracted from all corresponding values meas- cO 
ured in the presence of insulin. The results are graphed as the 2 2 
mean (+ SEM) increase over basal from 10 control (@), 13 £ 5 6 
obese (A), and 13 type 2 diabetic (©) subjects. a 2 
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FIGURE 22-16. Dose-response stimulation of skeletal muscle insulin re- 
ceptor phosphorylation of histone-2B in vivo during euglycemic clamp 
studies. The results represent the kinase activity (mean + SEM) expressed 
as increment over the basal values for lean nondiabetics (M), obese nondia- 
betics (7%). and type 2 diabetic subjects (R). Type 2 diabetic versus lean 
controls, p = 0.01; type 2 diabetic versus obese. p <0.05; obese versus lean 
controls, p = NS (by ANOVA). 


The impaired receptor kinase activity seen in the type 2 dia- 
betic subjects appears to be relatively specific for the hyper- 
glycemic diabetic state since no decrease in kinase activity was ob- 
served in adipocyte-,' erythrocyte-,'°° and skeletal muscle- 
derived'™ receptors prepared from insulin-resistant nondiabetic 
obese subjects compared to lean nondiabetic controls. This sug- 
gests that the insulin receptor kinase defect is a consequence of the 
diabetic state rather than a primary inherited cause of insulin- 
resistance, and several lines of evidence support this idea. First, 
molecular studies have shown that the sequence of the insulin re- 
ceptor gene is normal in >99% of subjects with “garden variety” 
T2DM, demonstrating that the insulin receptor does not represent a 
diabetes susceptibility gene, except in a small fraction of pa- 
tients.'°°'*” Second, when obese type 2 diabetic patients lose 
weight, hyperglycemia is markedly improved and this is associated 
with partial amelioration of insulin resistance and normalization 
of receptor kinase activity. One can speculate that hyper- 
glycemia, or some closely related factor, causes the receptor ki- 
nase defect, and ample in vitro evidence exists to support this 
contention." In summary, evidence exists to indicate that gluco- 
toxicity causes the acquired secondary component of insulin re- 
sistance in T2DM at least in part by reversibly decreasing the 
autophosphorylation/kinase activity of target tissue insulin recep- 
tors. With this analysis, the cellular mechanism underlying the pri- 
mary inherited component of insulin resistance in T2DM remains 
to be elucidated. With regard to simple obesity, since these subjects 
are insulin resistant with normal receptor kinase activity, it would 
appear that the cause of impaired insulin action in those subjects 
with a reduced V max involves some other postreceptor defect. 


Insulin Receptor Subpopulations 


This decrease in kinase activity in T2DM could be due to (1) a de- 
crease in the intrinsic kinase activity of each individual receptor 
within the total receptor preparation, or (2) the existence of two 
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FIGURE 22-17. Percentage of receptors immunoprecipitable with anti- 
phosphotyrosine antibody. Receptors were labeled with '**I-NAPA-DP- 
insulin, autophosphorylated. and immunoprecipitated. Washed receptor- 
antibody complexes were boiled in Laemmli’s buffer and analyzed by 
SDS-polyacrylamide gel electrophoresis (7.5% resolving gel). Areas of the 
gel containing the !257_NAPA-DP-insulin-labeled B subunit were excised 
and counted in a gamma counter. Equal areas of the dried gel free of any 
135] activity were counted and subtracted as background. The graph shows 
the amount of '**I-labeled insulin receptors immunoprecipitated by anti- 
phosphotyrosine antibody as a percentage of the total amount of receptors 
immunoprecipitated by the anti-insulin receptor antibody. 


populations of receptors that bind insulin, one subpopulation hav- 
ing normal kinase activity and the other subpopulation having no 
kinase activity, with a relative increase in the kinase-defective pop- 
ulation in T2DM. To discriminate between these two possibilities, 
phosphorylated '?*I-NAPA-DP-labeled receptors were immunopre- 
cipitated using a monoclonal antireceptor antibody and an antiphos- 
photyrosine antibody.’ !*5]-NAPA-DP-insulin is a photoactive 
insulin derivative which binds to the receptor a subunit; when ex- 
posed to UV light, the '?°I-NAPA-DP-insulin becomes activated 
and photoaffinity labels the insulin receptor by forming covalent 
bonds with the a subunit. The monoclonal anti-insulin receptor an- 
tibody immunoprecipitates all of the '*°I-NAPA-DP-labeled in- 
sulin receptors. In order to determine the proportion of insulin re- 
ceptors that contain phosphotyrosine in the type 2 diabetic subjects 
compared to those of control subjects, an anti-phosphotyrosine 
antibody was used to immunoprecipitate only those insulin recep- 
tors containing phosphorylated tyrosine residues. Control studies 
showed that the monoclonal antireceptor antibody quantitatively 
immunoprecipitates the total receptor pool, whereas the phosphoty- 
rosine antibody quantitatively immunoprecipitates only the au- 
tophosphorylated receptors. Therefore, a comparison of the '**] 
counts immunoprecipitated by the antiphosphotyrosine antibody 
indicates the percentage of the total insulin receptors that are au- 
tophosphorylated and contain phosphotyrosine. 

Figure 22-17 illustrates, for both control and type 2 diabetic 
subjects, the percentage of the insulin receptors, after maximal in 
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vitro insulin-stimulated autophosphorylation, that contain phos- 
photyrosine. Forty-three percent of the insulin receptors derived 
from control subjects contained phosphotyrosine residues, while 
only 14% of the type 2 diabetic subjects’ insulin receptors were 
phosphorylated.'® A much smaller fraction of the total receptors 
from type 2 diabetic subjects were able to undergo insulin-stimulated 
autophosphorylation compared to the normals. Additional studies 
have shown that the insulin receptors not precipitated by the anti- 
phosphotyrosine antibody were completely devoid of kinase activ- 
ity, and thus the kinase activity found in the total receptor prepara- 
tions was attributable to those receptors precipitated by the 
antiphosphotyrosine antibody. These studies demonstrate the exis- 
tence of at least two distinct populations of receptors—one con- 
taining phosphotyrosine residues and one apparently incapable of 
insulin-stimulated tyrosine phosphorylation. The results show that 
43% of the receptors from nondiabetic subjects were capable of au- 
tophosphorylation, indicating that 50-60% of the receptors do not 
undergo tyrosine phosphorylation and presumably do not con- 
tribute to the kinase activity of the normal cell’s complement of in- 
sulin receptors. Interestingly, since about 90% of the adipocyte in- 
sulin receptors are at the cell surface in the basal state,!”° most of 
these kinase-negative receptors must be at the cell surface, where 
they apparently bind insulin in a physiologic manner. In the type 2 
diabetic group, only 14% of the receptors were capable of tyrosine 
autophosphorylation, and this decrease in the proportion of recep- 
tors that were phosphorylated appears to largely explain the 
defect in receptor kinase activity which has been observed in 
T2DM. 7*:162-!65.171 


Glucose Transport 


In vivo, insulin resistance is usually defined as an impaired ability 
of insulin to stimulate overal! glucose disposal, and any cellular 
mechanism of insulin resistance must account for decreased glu- 
cose disposal. In the insulin action sequence, abnormalities in 
insulin receptor binding and receptor kinase activity per se do not 
account for all of the decreased glucose uptake. Decreased num- 
bers of insulin receptors do not explain decrements in maximal in- 
sulin responsiveness in T2DM, since receptor downregulation does 
not commonly proceed below the level of spare insulin receptors. 
In addition, insulin concentrations that elicit maximal insulin bio- 
effects (1-5 ng/mL) produce only a submaximal degree of insulin 
receptor phosphorylation (see Fig. 22-16). This indicates, in a 
sense, that there is also “spare” insulin receptor kinase activity. 
Therefore, postreceptor defects may account for a large portion of 
insulin resistance. One potential cellular locus for such a postre- 
ceptor defect is the glucose transport effector system. In humans 
there are at least five known glucose transporter species (GLUT-1 
to GLUT-5), each the product of a separate gene, with a distinct 
pattern of tissue expression for each transporter isoform. The 
insulin-regulatable glucose transporter is termed GLUT-4, and is 
almost exclusively expressed in skeletal muscle, cardiac muscle, 
and adipose tissue. As discussed in detail in Chap. 5, insulin stimu- 
lates glucose transport primarily by causing translocation of 
GLUT-4 proteins from an intracellular vesicular compartment to 
the plasma membrane. Once inserted into the plasma membrane, 
cellular glucose uptake is initiated. Consequently, insulin stimula- 
tion of glucose transport in target tissues reflects GLUT-4 activity. 
In this regard, decreased insulin-stimulated glucose transport has 
been observed in isolated adipocytes'®'"!*"'”> and skeletal muscle 
strips! ”®™° from obese and/or type 2 diabetic subjects. Decreased 
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insulin-stimulated glucose transport has also been found in c 
tured skeletal muscle cells derived from the insulin-resistant non 
abetic relatives of type 2 diabetic patients.'” 

Although adipose tissue accounts for only a small amount oj 
vivo glucose metabolism, whereas over 85% of insulin-stimula’ 
glucose disposal occurs in skeletal muscle, for technical reasc 
Most studies of glucose transport have been performed in isola! 
adipocytes. Figure 22-18 displays glucose transport dose-respor 
curves using isolated adipocytes from normal, IGT, and type 2 d 
betic subjects. In the IGT subjects, there is a rightward shift in t 
glucose transport dose-response curve with no change in the mé 
imal response. This decrease in insulin sensitivity (rightwat 
shifted curve) is largely accounted for by the decreased number 
insulin receptors in cells from subjects with IGT. In the type 2 di 
betic groups, however, a marked decrease in glucose transport rat 
is observed at all insulin concentrations. Thus there is a major d 
crease in glucose transport activity even at maximally effective i 
sulin concentrations, and this in vitro reduction in glucose transpc 
correlates quite well with the decrease in maximal overall gluco: 
disposal rates observed in vivo. Similar results are seen in nondi 
betic obese subjects, with a marked decrease in adipocyte gluco: 
transport activity compared to controls (Fig. 22-19). 

In extrapolating from in vitro adipocyte transport data to i 
vivo glucose disposal, several assumptions are made. First, it is a: 
sumed that adipose tissue glucose transport is reflective of musc! 
glucose transport, since muscle is the major site of insulir 
stimulated glucose uptake. Available data strongly support thi 
contention. Thus an excellent correlation has been found betwee 
adipocyte glucose transport activity and in vivo glucose disposi 
in individual type 2 diabetic or obese subjects both before'®!"’ 
and after!#™'® therapy. Additionally, a number of more direct stud 
ies have shown that changes in adipocyte transport are parallele: 
by quantitatively similar changes in skeletal muscle glucose trans 
port in a number of different pathophysiologic conditions in ro 
dents. '8*-'*4 Most importantly, the few studies that have been con 
ducted on muscle fiber strips from normal, obese, and type ‘ 
diabetic subjects have found that glucose transport is decreased i1 


FIGURE 22-18. Dose-response curve for insulin’s ability to stimulate glu- 
cose transport (3-0-methylglucose uptake) in isolated adipocytes preparec 
from normal subjects, subjects with IGT, and obese or nonobese subject: 
with type 2 diabetes. The functional form of these dose-response curves is 
quite comparable to the shape of the dose-response curves for in vivo in- 
sulin-stimulated overall glucose disposal (Fig. 22-7). 
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FIGURE 22-19. Dose-response curves for insulin's ability to simulate 3-0- 
methylglucose transport in isolated adipocytes from normal subjects (@). 
group I (©), and group II (A) obese subjects. 


the insulin-resistant groups'’~'”* (Fig. 22-20), and that, as in the 
adipocyte studies, insulin-stimulated glucose transport in isolated 
muscle fiber strips correlates with whole-body insulin sensitivity in 
normal and type 2 diabetic subjects." 

The second assumption inherent in relating glucose transport to 
in vivo glucose disposal is that the transport step is rate-determining 
for glucose metabolism in vivo. Available data indicate that this is 
the case. For example, if intracellular metabolism, rather that trans- 
port, were limiting the rate of glucose disposal, one would expect 
an accumulation of free intracellular glucose. However, a build-up 
of intracellular glucose is not observed in skeletal muscle, even at 
brisk rates of glucose uptake. '**~'*” Additionally, apparent Km val- 
ues reported for in vivo glucose disposal'®* are similar to measured 
values of muscle glucose transport in vitro,'® consistent with the 
view that transport governs glucose disposal. Furthermore, the in- 
sulin-induced increases in in vitro glucose transport are quite com- 
parable to insulin-mediated increases in in vivo glucose disposal. 


FIGURE 22-20. 3-0-Methylgtucose transport in muscle fiber strips from 
nonobese subjects, morbidly obese subjects with normal glucose tolerance, 
and morbidly obese subjects with type 2 diabetes. (*Significantly different 
[p <0.05] from nonobese group + insulin.) (Reprinted with permission 
from Dohm et al.) 
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Bonadonna and coworkers'”’ used the forearm glucose balance 
technique in humans, combined with a simultaneous infusion of 
3-0-methylglucose, to assess concomitant rates of glucose trans- 
port and in vivo muscle glucose uptake. They found that insulin- 
stimulated forearm glucose transport was very well correlated with 
overall muscle glucose disposal.” Studies with transgenic mice 
also support this concept. Thus, when GLUT-4 is overexpressed in 
skeletal muscle, enhanced insulin sensitivity and increased glucose 
disposal occur.'' pointing to the importance of glucose transport 
in regulating overall glucose metabolism. 

Cline and colleagues,’ using nuclear magnetic resonance 
spectroscopy to measure skeletal muscle glucose-6-phosphate lev- 
els and intracellular free glucose levels during a hyperinsulinemic, 
hyperglycemic clamp, have produced compelling in vivo evidence 
that glucose transport is also the rate-controlling step in insulin- 
stimulated muscle glucose uptake in T2DM. They found that the 
reduction in muscle glucose uptake and glycogen synthesis in pa- 
tients with T2DM was associated with lower steady-state muscle 
glucose-6-phosphate levels and very low intracellular tree glucose 
levels, implying a defect at the level of glucose transport. Of 
course, it is possible that the additional postglucose transport in- 
tracellular defects in glucose metabolism which have been re- 
ported!?.!35-'9-197 alter the intracellular pathways for glucose me- 
tabolism, and contribute to abnormal glucose homeostasis. 

Because decreased glucose transport is such a prominent de- 
fect in T2DM. a number of mechanistic studies have been con- 
ducted. Several groups have examined skeletal muscle GLUT-4 
content at both the protein and mRNA levels, with uniform agree- 
ment. Skeletal muscle GLUT-4 mRNA and protein levels are nor- 
mal in type 2 diabetic subjects.'"*-?" Since total skeletal muscle 
GLUT-4 protein is not decreased in T2DM, the explanation for the 
decreased glucose transport activity is related to either decreased 
insulin-mediated translocation of GLUT-4 to the plasma mem- 
brane, decreased GLUT-4 intrinsic activity, or both. Evidence that 
insulin-stimulated translocation of GLUT-4 is impaired in skeletal 
muscle of obese and type 2 diabetic patients comes from the study 
of Kelley and associates.”°’ These investigators used quantitative 
confocal laser scanning microscopy to study insulin-stimulated re- 
cruitment of GLUT-4 to the sarcolemma in muscle biopsies from 
normal, obese, and type 2 diabetic subjects. In the basal state, sar- 
colemmal GLUT-4 labeling was similar in the three groups, but in 
response to a 3-hour hyperinsulinemic euglycemic clamp (plasma 
insulin ~500-600 pmol/L), the increase in sarcolemmal GLUT-4 
labeling in type 2 diabetic subjects and in obese nondiabetic sub- 
jects was only 25% of that in the controls. This defect in GLUT-4 
translocation in the type 2 diabetic and obese subjects was associ- 
ated with a marked impairment of insulin-stimulated muscle glu- 
cose transport as determined by positron emission tomography. 
Others using biochemical muscle subfractionation techniques have 
also suggested a defect in GLUT-4 translocation in patients with 
T2DM.*” 

A decrease in GLUT-4 intrinsic activity in T2DM is also a pos- 
sibility. Such a defect could be a result of an alteration in the pri- 
mary structure of the GLUT-4 protein due to genetic variation in 
the GLUT-4 gene. An answer to this question was made possible 
by the studies of Buse and associates, who elucidated the intron- 
exon structure of the human GLUT-4 gene.” A determination of 
the coding sequences of GLUT-4 was conducted in seven typical 
type 2 diabetic patients.’ In six patients. no abnormalities in the 
amino acid sequence were seen. Two patients were heterozygous 
and one homozygous for a silent polymorphism at nucleotide 
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position 535, but this polymorphism is commonly seen in nondia- 
betic individuals.” Interestingly, one of the six patients had a sub- 
stitution at codon 383, leading to an isoleucine-for-valine substitu- 
tion at this position. The biological significance of this substitution 
is unclear, but larger-scale molecular scanning studies have verified 
that this mutation exists in only a small percentage (1-2%) of type 
2 diabetic subjects, and it also exists in low frequency in nondia- 
betic subjects.“ Since no other mutations in the GLUT-4 gene 
have been identified in T2DM, it would appear that abnormalities 
in the GLUT-4 gene are rare in T2DM and that the coding sequence 
of GLUT-4 is not a diabetes gene locus. 

Translocation of GLUT-4 involves a complex system, and an 
expanding list of proteins involved in GLUT-4 vesicle trafficking, 
regulation of membrane fusion, and endocytotic events are being 
identified.” Thus it is quite possible that decreased GLUT-4 
translocation could be due to altered expression or a functional de- 
fect of one or more of the GLUT-4 vesicle-trafficking proteins. An 
impairment of insulin signaling downstream of the receptor is also 
a likely cause of the decreased insulin-stimulated GLUT-4 translo- 
cation, and these are areas of intensive investigation. 


Postreceptor Signaling Defects 


After insulin binding and receptor autophosphorylation, a number 
of endogenous protein substrates are phosphorylated on tyrosine 
residues by the insulin receptor kinase. Insulin receptor substrate- 1 
(IRS-1) is the most thoroughly studied of these substrates. The 
ability of insulin to stimulate IRS-1 phosphorylation is decreased 
in both adipocytes’ and skeletal muscle™™%?% from type 2 dia- 
betic subjects. Rondinone and associates found that the IRS-1 pro- 
tein content of adipose tissue was reduced by 70% in type 2 dia- 
betic patients.?” Clearly, this reduction in IRS-1 protein content 
could contribute to the decrease in IRS-1 phosphorylation observed 
in adipocytes.” However, this cannot be a factor in muscle be- 
cause skeletal muscle IRS-1 levels are no different in type 2 dia- 
betic patients than in lean or obese normal subjects.2°?077? 
Insulin-stimulated phosphorylation of IRS-2 is also impaired in 
skeletal muscle from type 2 diabetic subjects.”!° Thus IRS-2 does 
not compensate for the defect of IRS-1 phosphorylation in skeletal 
muscle from diabetic patients. 

Studies in adipocytes from control, obese, and type 2 diabetic 
subjects showed that the insulin dose-response curves for stimula- 
tion of tyrosine phosphorylation of IRS-1 and of the insulin recep- 
tor B subunit were almost identical and that the ability of phospho- 
rylated insulin receptors to phosphorylate IRS-1 was normal.°° 
Because of this normal coupling between autophosphorylated B 
subunits and IRS-1 in adipocytes from type 2 diabetic patients, it is 
likely that the reduction in IRS-1 phosphorylation in adipocytes 
from these patients is essentially secondary to the insulin receptor 
kinase defect. Although similar detailed studies have not been per- 
formed in skeletal muscle, the finding that the abnormalities of the 
insulin receptor kinase and of IRS-1 phosphorylation in muscle 
parallel those in adipocytes suggests that the impairment of IRS-1 
phosphorylation in muscle is also largely a consequence of the in- 
sulin receptor kinase defect.””” 

The enzyme PI-3-kinase is essential for insulin’s effects on 
GLUT-4 translocation and glycogen synthase activation. As out- 
lined earlier, this enzyme is activated by the binding of its regula- 
tory subunit to tyrosine phosphorylated IRS-1 and IRS-2. Thus, ty- 
rosine phosphorylation of IRS-1 and IRS-2 in response to insulin 
allows the regulatory subunit of PI-3-kinase to bind, leading to 
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activation of the catalytic subunit of the enzyme. Several studies 
have shown that association of the p85 regulatory subunit with 
IRS-! and IRS-2 in response to insulin is impaired in muscle of 
type 2 diabetic patients and there is a corresponding defect of PI-3- 
kinase activation.2°7?!° Some?™™?!! but not all?" studies have 
found that activation of muscle PI-3-kinase by insulin is also im- 
paired in obese nondiabetic subjects. 


Glycogen Synthesis 


Glycogen synthase, the rate-controlling enzyme of glycogen syn- 
thesis, is another potential locus for acquired or inherited insulin 
resistance in T2DM. Glycogen synthase activity has been meas- 
ured in muscle biopsy samples, and the level of enzyme activity 
correlates with the magnitude of nonoxidative glucose disposal, as 
measured by indirect calorimetry during glucose clamp studies. 
Diminished activation of glycogen synthase, decreased insulin- 
stimulated muscle glycogen deposition, impaired insulin-mediated 
glucose disposal, and defective nonoxidative glucose disposal all 
exist in type 2 diabetic subjects. °= !97212213 

Glycogen synthase activity is reduced in T2DM by 35-50% 
as compared to controls at submaximal insulin levels, but the 
defect can be normalized by increasing insulin levels fourfold.'™ 
The glucose-6-phosphate activation constant was also increased, 
demonstrating a decreased sensitivity of muscle glycogen syn- 
thase in type 2 diabetes to allosteric activation by glucose-6- 
phosphate.'™ Importantly, the reduction in glycogen synthase ac- 
tivity in T2DM patients persists even when glucose uptake rates are 
normalized, indicating that the effect of insulin on glycogen syn- 
thesis is separate from its effect on glucose transport and that the 
defect in glycogen synthase activity is not simply due to a decline 
in glucose flux into the cell.'™ 

The defect in glycogen synthase activity can be partially re- 
versed by an 8-week course of sulfonylurea therapy,” raising the 
possibility that the irreversible component may be genetic in na- 
ture. This is also suggested by a study of 16 type 2 diabetic sub- 
jects, 18 first-degree relatives of type 2 diabetic patients. and 16 
nondiabetic subjects. Activation of muscle glycogen synthase was 
impaired in the relatives with a high known genetic risk of devel- 
oping T2DM, indicating that this may represent an early defect in 
the evolution of T2DM.”"* 

To complement the cellular and biochemical studies cited 
above, the gene for glycogen synthase has been examined in 
T2DM. Groop and colleagues?" reported an association between 
a rare polymorphism located in intronic sequences of the glyco- 
gen synthase gene and the type 2 diabetic phenotype in Finnish 
subjects. However, this association was not found in subsequent 
studies of French or American Caucasian subjects.7!?'7 Molecu- 
lar scanning of the entire glycogen synthase gene in Finnish sub- 
jects identified a missense mutation at position 464 in exon 11 in 
only 2 of 228 type 2 diabetic patients but none of 154 controls.”"* 
Clearly, glycogen synthase gene mutations are uncommon in 
T2DM. A Danish study failed to detect any abnormalities in the 
coding sequence of the glycogen synthase gene in eight subjects 
with T2DM.?"° These authors did, however, find a 39% reduction 
in the steady-state level of glycogen synthase mRNA per micro- 
gram of muscle DNA, which correlated with the reduced total 
glycogen synthase activity of vastus lateralis muscle of type 2 di- 
abetic subjects as compared to matched controls. Recent studies 
of twin pairs discordant for T2DM suggest that this reduction in 
muscle glycogen synthase mRNA and protein levels found in 
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some diabetic patients may be an acquired defect, perhaps sec- 
ondary to hyperglycemia.?”° 


FUNCTIONAL ASPECTS OF INSULIN 
RESISTANCE 


From the earlier discussion, it is apparent that insulin resistance 
may be due to changes in insulin sensitivity, responsiveness, or 
both. This analysis relies on in vivo measures of the biologic effec- 
tiveness of a given concentration of insulin under steady-state con- 
ditions. However, steady-state analysis does not take into account 
potential alterations in the rate of insulin action. The kinetics of in- 
sulin action may be thought of as having two components: activa- 
tion, and its opposite process, deactivation. The rate of activation of 
insulin’s effects can be measured in vivo by assessing the time 
course of the increase in glucose disposal after starting an insulin 
infusion. Conversely, when insulin is removed from the system, de- 
activation of glucose disposal ensues. Early studies on the kinetics 
of insulin action were performed by Zierler and Rabinowitz.7”! 
These investigators infused insulin into the brachial artery and 
measured forearm glucose uptake. They found that when the in- 
sulin infusion was stopped, glucose uptake by the forearm per- 
sisted for up to an hour. They dubbed this the “memory effect” of 
insulin. Later, Sherwin and coworkers”? and Insel and associ- 
ates'** confirmed that insulin’s in vivo biologic effects dissipated 
slowly compared to the rapid decay of insulin from plasma. Fi- 
nally, studies performed with isolated rat adipocytes have shown 
that deactivation of insulin’s effect on glucose transport in vitro is 
slower than dissociation of insulin from its receptor. The glucose 
clamp technique is excellent for studying insulin’s in vivo effects, 
and has generated much valuable information. However, it takes 
several hours before steady-state biologic effects of constant in- 


sulin infusions are reached, and this clearly does not reproduce the 
phasic way in which insulin is delivered into the circulation under 
physiologic conditions of meal ingestion. Furthermore, assess- 
ments confined to steady-state measurements of insulin action will 
not detect kinetic alterations in the onset (activation) or offset (de- 
activation) of insulin’s biologic effects. Indeed, in view of the fact 
that in response to food, insulin is secreted in a phasic rather than a 
constant manner, a defect in the dynamics of insulin action might 
be a physiologically more important manifestation of insulin resist- 
ance than reduced steady-state hormonal effects. To evaluate the 
above ideas, a modification of the euglycemic glucose clamp tech- 
nique was used to test the hypothesis that a common human 
insulin-resistant state (obesity) is characterized by abnormally 
slow activation and rapid deactivation of insulin’s effects to stimu- 
late peripheral glucose uptake.” 

In these studies, insulin was given as a constant infusion and 
the time course of activation of insulin-stimulated glucose disposal 
was measured. To study deactivation, the insulin infusion was 
stopped and the rate of fall in glucose disposal rate was observed. 
Insulin was infused intravenously at rates of 15, 40, 120, and 
1200 mU/mĉ?/min in a group of obese, nondiabetic patients com- 
pared to a group of lean normal control subjects. Comparable 
plasma insulin levels were attained in the two groups at each in- 
sulin infusion rate (Fig. 22-21). The time course of glucose dis- 
posal during and after the termination of the insulin infusions is 
shown in Fig. 22-22A. It can be seen from this figure that at each 
insulin infusion the normals achieved higher maximal insulin- 
stimulated glucose disposal rates. Additionally, the rate of activa- 
tion of insulin-stimulated glucose disposal was slower in the obese 
subjects (Fig. 22-22B); in each case, the normal subjects had a 
steeper initial rise in insulin-stimulated glucose disposal. In addi- 
tion, the rate of deactivation of insulin-stimulated glucose disposal 
occurred more quickly in the obese subjects. The apparent t2 


FIGURE 22-21. A. Serum insulin concentrations during and after discontinuation of insulin infusion rates of 15 
(A). 40 (0), 120 (V), and 1200 (D) mU/m?/min in normal subjects. B. Serum insulin concentrations during and 
after discontinuation of insulin infusion rates of 15 (A). 40 (@), 120 (V). and 1200 (m) mU/m°/min in obese 


subjects. 
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FIGURE 22-22A. A. Time course of total glucose Rd during and after ter- 

mination of insulin infusion rates of 15 (A), 40 (©), 120 (V). and 1200 (0) 

mU/m7/min in normal subjects. B. Time course of glucose Rd during and 

after termination of insulin infusion rates of 15 (A). 40 (@), 120 (Y), and 

1200 (m) mU/m7/min in obese subjects. 
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values for activation and deactivation are provided in Table 22-3. 
Since the insulin levels achieved in these studies were identical in 
obese and normal controls, the differences in glucose disposal must 
reflect differences in insulin action in normal and insulin-resistant 
subjects. 

Thus, in insulin-resistant subjects the rate of activation of 
insulin-stimulated glucose disposal was two- to threefold slower 
compared to controls at every insulin level, and the rate of deacti- 
vation of insulin’s effects was faster at all insulin levels. Therefore, 
one can postulate that the abnormal kinetics of insulin action in 
insulin-resistant obese subjects represent a functionally important 
manifestation of the insulin resistance in this condition. This con- 
cept is depicted in Fig. 22-23, which shows a theoretical time 
course of insulin action under conditions in which there is a 30% 
decrease in maximal steady-state insulin effects combined with a 
twofold slower rate of activation. At early points during the time 
course, the magnitude of the deficit in insulin’s effects is far greater 
than that achieved at steady state. Considering that insulin rises and 
falls after meals, coupled with the kinetic defects in insulin action 
shown in Figs. 22-22 and 22-23, one can hypothesize that insulin’s 
effects never reach steady state in the physiologic situation in obe- 
sity, and that the decrease in the rate of onset of insulin action and 
rapid deactivation serves to greatly minimize the biologic effects of 
the insulin secreted after oral glucose or meals in obesity, despite 
the fact that obese subjects are hyperinsulinemic. 

To test this hypothesis, glucose disposal was measured in nor- 
mal versus insulin-resistant obese subjects during phasic, rather 
than steady-state, insulin infusions. First, oral glucose tolerance 
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FIGURE 22-22B. Time course of activation (A, C) and deactivation (B, D) 
of insulin-stimulated glucose disposal. Data are expressed as a percentage 
of the maximal response, observed at the end of the infusion, and the 
insulin-stimulated glucose disposal rate (IGDR) is defined as the difference 
between the initial basal Rd value and the Rd values during and after ces- 
sation of the insulin infusion. Controls at insulin infusion rates of 15 (A), 
40 (0). 120 (V). and 1200 (O) mU/m7/min. Obese subjects at insulin infu- 
sion rates of 15 (A). 40 (@), 120 (V), and 1200 (m) mU/m?/min. 


tests (OGTTs) with measurement of the plasma insulin profile 
were performed in a series of normal and obese subjects. The sub- 
jects then underwent two separate glucose clamp-type studies in 
each of which insulin was infused in a phasic stepped manner 
that reproduced the OGTT insulin profiles observed initially (Fig. 
22-24). Each subject received an insulin infusion which repro- 
duced the “normal” insulin profile as well as the “obese” insulin 
profile. Figure 22-25 demonstrates that this stepped insulin infu- 
sion method faithfully reproduced the insulin secretory profiles ob- 
served during the OGTTs. During these “insulin rate clamp” stud- 
ies, stimulation of Rd and suppression of hepatic glucose 
production were measured. The results demonstrated that at com- 
parable phasic, stepped insulin infusion rates, insulin-stimulated 
glucose disposal was reduced by 80-90% in the obese compared to 


TABLE 22-3. Half-Maximal Activation (A;9IGRD) and Deactivation (D;91GDR) Values in Normal 


and Obese Subjects 


AsolGDR 


Insulin Infusion Rate Normal (min) 


15 mU/m?/min 5244 
40 mU/m?/min 44+2 
120 mU/m?/min 29+3 
1200 mU/m?/min 21+2 


*p < 0.01. 


+p < 0.001; obese vs. nonobese. 


Ds IGDR 
Obese (min) Normal (min) Obese (min) 
34+3 — 
74+ 67 43 +2 31 + 6* 
64 + 8? 75 46 + 2* 
28 + 3* 
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FIGURE 22-23. Effect of a theoretical defect in activation of the time 
course of glucose disposal. The lower curve depicts the results of a twofold 
slower rate of activation combined with a 30% decrease in maximal steady- 
state glucose disposal. As can be seen, this leads to a far greater decrease in 
the magnitude of the insulin effect at early time points than would be pre- 
dicted based on the steady-state defect alone. Given the fact that insulin 
levels rise and fall relatively quickly (2-3 hours) after a meal, this kinetic 
detect is functionally important during the time interval over which post- 
prandial insulin is normally secreted. 


FIGURE 22-24. Glucose and insulin levels during oral glucose tolerance 
tests (OGTTs) in normal (©) and obese (@) subjects (*p <0.01). 
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FIGURE 22-25. A. Insulin levels during the low-dose stepped insulin infu- 
sion in normal (O) and obese (@) subjects. Dotted line, mean OGTT insulin 
levels observed during OGTTs in normal subjects. B. Insulin levels during 
the high-dose stepped insulin infusion in normal (©) and obese (@) sub- 
jects. Dotted line. mean OGTT insulin levels observed during OGTTs in 
obese subjects. 


control subjects (Fig. 22-26). More importantly, however, when the 
obese subjects were compared during the “hyperinsulinemic” infu- 
sion to the normal subjects at the “normoinsulinemic” infusion, a 
60% reduction in glucose disposal was still observed in the obese 
group (Fig. 22-26C). Therefore, one can conclude that the post- 
prandial hyperinsulinemia of obesity is unable to fully compensate 
for the insulin resistance, primarily due to the kinetic defects of in- 
sulin action, and that in vivo in the physiologic setting, insulin- 
stimulated glucose disposal is still markedly reduced in obesity.” 
This conclusion was confirmed by carrying out glucose clamp 
studies in which insulin was infused at a constant rate to reach 
steady state at the same peak insulin levels as achieved during the 
phasic infusions. During these latter studies, the obese subjects 
achieved glucose disposal rates at hyperinsulinemia which were 
identical to the glucose disposal rates achieved in normal subjects 
at euinsulinemia 774 (Fig. 22-27). Thus, the differences between 
phasic insulin infusions versus constant insulin infusions bring out 
the marked kinetic abnormalities of insulin action in obesity. Doe- 
den and Rizza have obtained similar results using a modification of 
the glucose clamp technique?" 

Because hyperinsulinemia does not fully compensate for in- 
sulin resistance in obesity, what does? Upon analysis of the oral 
glucose tolerance profile, it is clear that obese subjects, while not 
diabetic or glucose intolerant, are somewhat hyperglycemic com- 
pared to controls, and ìt is the hyperglycemia, by virtue of mass ac- 
tion, that helps compensate for the insulin resistance to restore glu- 
cose disposal to normal during meals. Thus, following a meal, 
insulin-resistant obese subjects achieve relatively normal rates of 
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FIGURE 22-26. A. Insulin-stimulated glucose disposal rate (IGDR) in nor- 
mal (©) and obese (@) subjects at the low-dose insulin infusion. Inset, Total 
absolute incremental glucose disposal (IGD) over 4 hours in normal (open 
bars) and obese (solid bars) subjects. B. IGDR (solid) in normal (O) and 
obese (@) subjects at the high-dose insulin infusion. Inset, total absolute 
incremental glucose disposal (IGD) over 4 hours in normal (open bars) 
and obese (solid bars) subjects. C. IGDR in normal subjects (©) at the low- 
dose insulin infusion compared with IGDR in obese subjects (@) at the 
high-dose insulin infusion. Inset, total absolute incremental glucose dis- 
posal (IGD) over 4 hours in normal (open bars) and obese (solid bars) 
subjects. 
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FIGURE 22-27. Steady-state plasma insulin levels and total glucose di: 
posal rates (Rd) during 15-mU/m?/min insulin infusions in control subjec 
compared to 40-mU/m’/min insulin infusions in obese subjects. 


glucose disposal (and therefore can accommodate an incomin 
glucose load), but only at the expense of hyperinsulinemia and re 
ative hyperglycemia. 

In confirmation of this notion, studies have shown™” that whe 
glucose disposal is measured during infusions in which both th 
OGTT insulin plus glucose profiles are reproduced in obese sut 
jects, glucose disposal rates can be normalized. Thus, the mass ac 
tion effects of postprandial glycemia contribute importantly to th 
maintenance of normal absolute rates of postprandial glucose di: 
posal in obesity. Insulin resistance leads to a defect in postprandiz 
glucose disposal in obesity. Hyperinsulinemia is an attempt t 
compensate for this defect by enhancing IMGU. When this cor 
pensatory effect is insufficient, absolute rates of glucose dispos: 
remain impaired and the postprandial glucose level rises, so that b 
the mass action effect of glucose, glucose disposal rates are furthe 
augmented to a normal level (but at the expense of hyperinsulir 
emia and relative hyperglycemia). The obese patients depicted i 
Fig. 22-24 have substantial insulin resistance, and it can be roughl 
estimated that the hyperinsulinemia and postprandial glycemi 
each compensate ~50% for the deficit in glucose disposal induce 
by the insulin resistance. It seems likely that in subjects wit 
milder states of insulin resistance, and/or in those obese subject 
with particularly exuberant insulin secretion patterns, the hyperir. 
sulinemia wil] be more effective as a compensatory mechanism. 

Functional studies of adipocyte glucose transport in obesit 
have indicated that the kinetic abnormalities observed in vivo ar 
most likely related to cellular defects in insulin action.'’? Thu: 
when the time course of insulin’s ability to activate glucose trans 
port was measured, a slower activation rate was observed in cell 
from obese subjects (Fig. 22-28); it took 15 + 2 minutes to achiev 
half-maximal activation of insulin-stimulated glucose transport i 
cells from obese subjects compared to 9.4 + 1.2 minutes ( p < 0.05 
in controls (Fig. 22-28). This decrease in the in vitro rate c 
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FIGURE 22-28. Time course of insulin-stimulated glucose transport. 
Adipocytes from lean (@) or obese (A) subjects were exposed to a maxi- 
mally effective concentration of insulin (25 ng/mL) at time 0, and 3-0- 
methylglucose uptake was measured at the indicated time points. Data are 
expressed as a percentage of the maximal effect for each subject and repre- 
sent the mean ( + SEM). 


activation of glucose transport correlates quite well with the slower 
rates of activation of glucose disposal in vivo. 

Comparable findings have been reported in T2DM.’™ Thus, 
marked kinetic defects in activation and deactivation of insulin’s in 
vivo effects on glucose disposal are found. Nolan and colleagues” 
showed that the kinetic defect in insulin’s ability to stimulate leg 
glucose uptake in type 2 diabetic patients was not accompanied by 
any delay in the activation of leg muscle insulin receptors by in- 
sulin. This suggests that the kinetic defect is distal to the insulin re- 
ceptor. As in obesity, delayed activation of glucose transport is 
demonstrable in isolated adipocytes from type 2 diabetic patients. 
In general, the magnitude of the kinetic defects is greater in T2DM 
than in simple obesity. The presence of insulin resistance in T2DM, 
coupled with the impaired insulin secretion, explains the marked 
postprandial hyperglycemia in this condition. With this formula- 
tion it is evident that hyperglycemia is the major factor driving glu- 
cose disposal in T2DM, allowing these subjects to eventually dis- 
pose of an incoming meal or glucose load. These concepts may 
have implications regarding the treatment of type 2 diabetic pa- 
tients. For example, intensive insulin therapy relies on algorithms 
for insulin delivery that were largely developed in type | diabetic 
patients. Clearly, such algorithms do not account for the kinetic de- 
fects present in insulin-resistant type 2 diabetic subjects. As such, 
these kinetic defects provide part of the explanation of why such 
large daily doses of insulin are needed to achieve ideal control in 
type 2 diabetic patients. 


MOLECULAR GENETICS OF INSULIN 
RESISTANCE AND T2DM 


Heredity plays a key role in the etiology of T2DM. Thus, although 
acquired factors such as obesity may be necessary for the pheno- 
typic manifestation of T2DM, acquired factors alone are insuffi- 
cient in most patients without preexisting genetic determinants. 


Because insulin resistance predates the development of T2DM in 
most populations, it seems likely that some of the diabetogenic 
genes involve some aspect of insulin action. Available evidence in- 
dicates that T2DM is a genetically heterogeneous, polygenic dis- 
ease. In other words, more than one diabetes gene occurs within a 
population, and it is possible that an individual must carry more 
than one abnormal gene in order to develop T2DM. For example, 
one or more genes involved in insulin action could be affected, 
along with a separately inherited defect responsible for the loss of 
B-cell function that occurs late in the course of T2DM. 

Two basic strategies have been employed to identify potential 
diabetes genes. First is the candidate gene approach, in which it is 
hypothesized that a certain gene that has already been cloned and 
sequenced may be involved in the pathogenesis of T2DM. This hy- 
pothesis is then tested by comparing the sequence of this candidate 
gene in normal and type 2 diabetic subjects, looking for abnormal- 
ities in the disease state. The second approach makes use of poly- 
morphic genetic markers or single nucleotide polymorphisms 
(SNPs), which are distributed throughout the genome, to map the 
location of the disease phenotype to a particular locus. This is done 
by determining whether the DNA markers cosegregate with the 
type 2 diabetic phenotype in a pedigree or population. 

The insulin receptor glycogen synthase and GLUT have been 
examined as potential candidate genes in insulin resistance and 
T2DM. As discussed earlier, the primary sequences of these pro- 
teins are normal in T2DM, eliminating them as diabetes gene loci, 
except in rare individuals. In some populations, polymorphisms of 
IRS-1 may be two to three times more common in type 2 diabetic 
patients than in normal subjects, and in some studies an association 
between polymorphisms affecting the region of IRS-1 thought to 
be important for P!-3-kinase binding and a reduction in insulin sen- 
sitivity has been found.’ The most common IRS-1 variant involves 
a substitution of arginine for glycine at codon 972. Expression of 
this Arg’”” IRS-1 variant in a skeletal muscle cell line resulted in 
decreased activation of PI-3-kinase, decreased insulin-stimulated 
GLUT-4 translocation, and activation of glycogen synthase com- 
pared to cells expressing wild-type IRS-1.778 Clearly, further stud- 
ies are needed to assess the importance of these IRS-1 variants 
because they could contribute to the genetic basis of T2DM in a 
small subset of subjects. Very little information is available on 
other downstream insulin-signaling molecules. Several polymor- 
phisms have been described in IRS-2, but there is general agree- 
ment that these are not associated with either insulin resistance or 
T2DM.~"*” ° A polymorphism of the p85a subunit of PI-3-kinase 
in which isoleucine is substituted for methionine at codon 326 is 
common. In one study 2% of Danish Caucasians were found to be 
homozygous for the Met?**Ile mutation, and this was associated 
with a reduction in insulin sensitivity, glucose effectiveness, and 
intravenous glucose tolerance.”*! However, subsequent studies do 
not support a role for this p85a variant in the etiology of insulin re- 
sistance or T2DM.727 

The thiazolidinedione class of oral hypoglycemic agents act by 
increasing peripheral tissue insulin sensitivity. Because these 
agents work by binding to the nuclear peroxisome proliferator— 
activated receptor y (PPAR-y),?™ it follows that this receptor may 
play a role in modulating insulin sensitivity. Because PPAR-y is 
also an important regulator of adipogenesis, it could influence 
whole-body insulin sensitivity indirectly through an effect on fat 
mass and lipid metabolism.?** Several studies have therefore exam- 
ined PPAR-y as a potential candidate gene for insulin resistance 
and obesity in T2DM. The PPAR-y gene gives rise to two alternate 
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transcripts, PPAR-yl and PPAR-y2, with PPAR-y2 being ex- 
pressed only in fat tissue. Molecular scanning of the PPAR-y gene 
in diabetic Caucasians identified a Prol2Ala missense mutation 
in PPAR-y2.7** This mutation was associated with decreased 
PPAR-y2 receptor activity and is found in about 10% of Cau- 
casians and Mexican-Americans. The Pro! 2Ala variant was associ- 
ated with lower BMI and improved insulin sensitivity in Finnish 
subjects,” but with a higher BMI and waist:hip ratio in Mexican- 
Americans.’ These contrasting findings may be due to the differ- 
ent populations studied. However, two other large studies of Euro- 
pean Caucasians concluded that the Prol2Ala mutation is not 
associated with either obesity or T2DM.”"*?”? Another very rare 
inactivating mutation of PPAR-y was found in three severely in- 
sulin resistant subjects characterized by marked hyperinsulinemia, 
acanthosis nigricans, and early-onset diabetes in the absence of 
obesity.” Thus, inactivating PPAR-y mutations may account for a 
small number of subjects with very unusual forms of insulin resist- 
ance, but PPAR-y does not appear to be an insulin-resistance gene 
locus in patients predisposed to typical T2DM. 

Given the importance of obesity in most type 2 diabetic pa- 
tients, genes that predispose to obesity, and in particular a more 
central distribution of body fat, could also underlie the genetic pre- 
disposition. The discovery that the genetic syndromes of obesity 
and diabetes in the ob/ob mouse and db/db mouse were due, re- 
spectively, to failure of leptin production and an abnormality of the 
leptin receptor suggested that similar defects may play a role in 
human obesity. However, leptin levels are generally increased in 
human obesity, and leptin-receptor gene mutations do not appear to 
cosegregate with common obesity in humans.”*'?*? A polymor- 
phism in the B.-adrenergic receptor was found to be associated 
with obesity; replacement of glutamine by glutamate at codon 27 
(Gln27Glu) was found in 24% of obese women but only 3% of 
nonobese women.”** Homozygotes for Glu27 had on average 20 kg 
more adipose tissue, larger fat cells, higher fasting insulin levels, 
and a more central distribution of body fat. Although this partic- 
ular polymorphism does not alter B-adrenoreceptor function, it is 
in strong linkage dysequilibrium with another polymorphism 
(Arg16Gly) that is associated with increased sensitivity to agonist- 
induced downregulation.” 

Gene mapping studies have generally sought linkage with the 
established type 2 diabetic phenotype rather than the underlying 
pathophysiological traits of insulin resistance and insulin secretory 
abnormalities (see Chap. 21). The few studies that have specifically 
looked for linkage between chromosomal loci and in vivo insulin 
action or fasting insulin levels (an index of insulin sensitivity) have 
been conducted in populations with a high prevalence of T2DM, 
such as the Pima Indians or Mexican-Americans. In Mexican- 
Americans, linkage was found between fasting insulin levels and 
markers on chromosome 3p.*“* This region contains two possible 
candidate genes for insulin resistance, namely, a glycogen branch- 
ing enzyme involved in glycogen synthesis and a peroxisomal 
branched-chain acyl-CoA oxidase that is involved in the degrada- 
tion of long-branched fatty acids.” Family studies in Pima Indi- 
ans™* and Mexican-Americans~“* have also suggested linkage be- 
tween in vivo insulin resistance and a locus on chromosome 4q that 
encodes the intestinal fatty acid binding protein-2 (FABP-2). How- 
ever, in three different European populations, no differences in al- 
lelic frequency at this locus were found between diabetic and non- 
diabetic individuals.”*” 

A major development has been the positional cloning by 
Horikawa and colleagues of the gene for calpain 10 in the poly- 
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morphic “NIDDM!” region of chromosome 2 that shows linkag 
with T2DM in Mexican-Americans.”** Horikawa and colleague 
found that an SNP (UCSNP-43) in intron 3 of the calpain 10 gen 
showed an increased frequency of the common G allele in type 
diabetic patients compared to controls, and evidence for linkag: 
with T2DM. Interestingly, subjects homozygous for the putative at 
risk G/G genotype were not at increased risk of T2DM, and it ap 
pears that other variations in the calpain 10 gene, in combination 
with the G allele at UCSNP-43, contribute to disease susceptibility 
These investigators identified a number of high-risk calpain 1( 
gene haplotypes and found that the heterozygous 112/121 haplo- 
type was the most common combination in Mexican-American: 
with T2DM. They estimated that the 112/121 haplotype com- 
bination played a role in 14% of cases of T2DM in Mexican- 
Americans, but only 4% of Europeans participating in the study, in 
whom the combination was less common.” Calpain 10 is a mem- 
ber of the family of cysteine proteases that have a ubiquitous tissue 
distribution. Its involvement in the mechanisms of insulin action or 
secretion is unknown and will be the focus of much research in 
light of these genetic findings. In one study, Pima Indians homozy- 
gous for the UCSNP-43 G allele had lower skeletal muscle calpain 
10 mRNA levels, higher insulin levels 2 hours after an oral glucose 
load, and a marginally lower (~5%) glucose disposal rate during a 
glucose clamp. 

A major advance in our understanding of potential genetic 
mechanisms of insulin resistance leading to the development of the 
type 2 diabetic phenotype has come from transgenic mouse models 
in which a specific gene thought to play a key role in insulin action 
has been disrupted either at the whole-body level or in a specific 
tissue. Mice with targeted disruption of the insulin receptor die a 
few days after birth, while heterozygous animals have a virtually 
normal phenotype.?? These results in the heterozygous animals 
were perhaps not unexpected given the presence of spare insulin 
receptors on insulin target tissues. However, animals heterozygous 
for the IRS-1 null allele also do not develop diabetes, even though 
they display mild insulin resistance, hyperinsulinemia, and mildly 
impaired glucose tolerance as they age.”*'*°? Mice homozygous 
for the IRS-1 null allele show growth retardation, but again only 
mild insulin resistance, because IRS-2 appears to provide an alter- 
native signaling pathway, particularly in liver.?*' IRS-1 and IRS-2 
are not, however, simply interchangeable proteins. Thus IRS-2 is 
critical for certain actions of insulin. For example, in the liver it 
plays an important role in the activation of PI-3-kinase by insulin 
and regulation of gluconeogenic enzyme levels.?**?>* Insulin sig- 
naling to PI-3-kinase in livers of IRS-2 —/— mice is markedly im- 
paired, and this is associated with impaired suppression of glucose 
production despite normal IRS-1 levels.” Thus in hepatocytes 
IRS-1 does not compensate for IRS-2 deficiency, whereas IRS-2 is 
able to fully compensate for loss of IRS-| in liver. Distinct roles of 
IRS-1 and IRS-2 have also been demonstrated in adipocytes. In 
brown adipocytes from IRS-2 knockout mice, insulin-stimulated 
glucose uptake is decreased by 50%. This defect is partially cor- 
rected by reexpression of IRS-2, but not by overexpression of 
IRS-1.°°° 

Because severe deficiencies of insulin-signaling molecules are 
extremely rare in T2DM, and because T2DM is thought to be a 
polygenic disease, Bruning and colleagues’ generated mice het- 
erozygous for the null allele of more than one of the key signaling 
molecules. They found that mice heterozygous for the null alleles 
of both the insulin receptor and IRS-1 developed insulin resist- 
ance, hyperinsulinemia, and a progressive impairment of glucose 
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tolerance, with overt diabetes developing in approximately 40% 
of these mice by the age of 6 months.”°? Mice heterozygous for 
deficiencies of the insulin receptor, IRS-1, and IRS-2 had an even 
more profound degree of insulin resistance in muscle and liver, 
and a higher percentage went on to develop overt diabetes. 

Taken together, these studies indicate that combinations of rel- 
atively minor defects, which in isolation may not cause significant 
phenotypic abnormalities, can act synergistically to cause insulin 
resistance and glucose intolerance. The particular mix of defects is 
likely to differ between different populations. Clearly, some de- 
fects may be acquired (e.g., the downregulation of insulin receptors 
by high circulating insulin levels), and act in concert with inherited 
genetic defects to produce significant insulin resistance and impair- 
ment of insulin secretion. 

Another key finding from studies of mouse genetics is that in- 
sulin receptor signaling in islet B cells is essential for normal func- 
tion. Thus, mice in which the insulin receptor gene has been specif- 
ically ablated in islet B cells, but not in other tissues, have smaller 
islet B cells, and no first-phase insulin secretion in response to glu- 
cose, reminiscent of the B-cell defect in T2DM.”*’ Second-phase 
glucose-induced insulin secretion is also blunted in these mice, and 
as they age, their glucose tolerance deteriorates, although they do 
not develop overt diabetes. IRS-2 rather than IRS-1 appears to be 
important for post-insulin-receptor signaling in islet B cells.” 
IRS-2 also mediates IGF-1 receptor signaling in the B cells.” 
IRS-2 thus plays a role in proliferative and neogenic responses. 
Thus IRS-2-deficient mice have a smaller B-cell mass than wild- 
type animals, whereas IRS-1-deficient mice develop B-cell hyper- 
plasia to compensate for insulin resistance. IRS-2-deficient mice 
have hepatic, adipocyte, and muscle insulin resistance. Initially, 
they display fasting hyperinsulinemia and normal glucose-induced 
insulin secretion, but unlike IRS-1 deficient mice, their insulin se- 
cretion subsequently declines. They then become progressively hy- 
perglycemic and overtly diabetic at several weeks of age. These 
studies indicate that functional insulin receptors and postreceptor 
signaling are essential for normal B-cell function, and raise the 
possibility that insulin resistance at the level of the B cell may con- 
tribute to the decline in insulin secretion that supervenes during the 
natural history of T2DM. 


INSULIN-DEPENDENT (TYPE 1) 
DIABETES MELLITUS 


When applied to the patient with type 1 diabetes mellitus (T1DM), 
the term “insulin resistance” is more difficult to evaluate. It usually 
denotes a patient who requires a large amount of insulin (>100 
U/d) to maintain an acceptable level of diabetic control. These pa- 
tients are unusual and sometimes have high titers of anti-insulin an- 
tibodies. However, the great majority of T1DM patients do not re- 
quire more than 100 U/d for control. In fact, daily insulin dose 
requirements of C-peptide-negative type | diabetic patients are 
similar to endogenous 24-hour insulin secretion rates in normal 
subjects matched for age, sex, and BMI.” Thus the question of 
whether the typical TIDM patient responds normally to insulin 
must be asked. No clear-cut answer emerges from the literature. 
One reason for this is that an insulin-dependent diabetic subject’s 
insulin sensitivity is at least partially dependent on the degree of 
diabetic control, with resulting changes in the metabolic milieu, 
and these patients hardly represent a homogeneous population. By 
definition, subjects in poor control are more hyperglycemic, and 
the effect of hyperglycemia per se to induce a secondary state of 


insulin resistance has already been discussed. In addition to hyper- 
glycemia, changes in pH, counterregulatory hormones, and FFA 
concentrations can all influence insulin action, and as the degree of 
metabolic control deteriorates, these factors can change in such a 
way as to impair insulin action. Certainly, patients in ketoacidosis 
are insulin resistant.” In a longitudinal study of 15 type 1 diabetic 
patients, Yki-Jarvinen and Koivisto™' found a 32% decrease in in 
vivo insulin action 2 weeks from diagnosis. However, 3 months 
after starting insulin therapy, sensitivity was restored to normal. 
Other studies also suggest that insulin sensitivity may be normal if 
a TIDM patient is maintained in euglycemic control, !0®262-263 
Most T1DM patients have relatively poor glycemic control and lie 
somewhere between these extremes, so the status of insulin sensi- 
tivity is difficult to evaluate. 

Studies using the forearm perfusion technique to assess insulin 
sensitivity have found that T1 DM patients take up less glucose than 
normal, suggesting that peripheral tissues do not respond normally 
to insulin.”™ Hepatic sensitivity to insulin, however, appears to be 
normal in most conventionally treated type 1 diabetic patients. 
Thus, although glucagon levels are often increased in TIDM pa- 
tients, the ability of insulin to inhibit glucose production is normal 
or even increased;*® this might be explained by reduced hepatic 
sensitivity to glucagon.7°6?67 Studies in which whole-body insulin- 
stimulated glucose disposal in type 1 diabetes has been assessed 
using the glucose clamp technique at several insulin infusion rates 
have generally shown a decrease in the maximal response without 
any rightward shift in the insulin dose-response curve.7°??63268 
This is thought to indicate that the abnormality is primarily distal to 
the insulin binding step. Jn vitro studies in isolated adipocytes from 
untreated type 1 diabetic patients showing a marked decrease in 
glucose transport at maximally stimulating insulin concentrations 
with no displacement of the insulin dose-response curve for this 
action of insulin, as well as unchanged insulin binding, support this 
view”? 

When interpreting studies of insulin action in T1DM, it is im- 
portant to bear in mind that in addition to the problem of variable 
diabetic control, the study populations may be heterogeneous. For 
example, a Danish study found that about 10% of patients origi- 
nally classified as having type | diabetes, but without a high-risk 
HLA haplotype for the disease, carried mutations in the HNF-la 
gene and were thus MODY-3 patients.”” Furthermore, some stud- 
ies may well have included some type 2 diabetic patients with very 
poor residual B-cell function. While the exact mechanism of in- 
sulin resistance in type | diabetic patients is unknown, since good 
metabolic control can reverse the insulin resistance, the defect must 
be acquired.7¢!-76368-269 Most likely, hyperglycemia is the major 
factor causing this secondary state of insulin resistance, although 
other acquired factors may be contributory. In a sense, this aspect 
of glucotoxicity represents another complication of chronic hyper- 
glycemia, and provides additional rationale for attempts to achieve 
the best possible glycemic control in patients with diabetes. 


UNUSUAL FORMS OF INSULIN RESISTANCE 


Syndromes of Insulin Resistance 
and Acanthosis Nigricans 


In a series of well-documented reports Flier, Kahn, Roth, and their 
colleagues have described a group of patients with extreme insulin 
resistance and marked acanthosis nigricans, in the absence of any 
other diseases associated with insulin resistance such as lipodystro- 
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phy, Cushing’s disease, or acromegaly.”’'*”? Patients with these 
syndromes are classified into two general groups.”’'*”* Type A pa- 
tients tend to be young females with hirsutism, polycystic ovaries, 
mild virilism, coarse features, early accelerated growth, and, of 
course, acanthosis nigricans. Type B patients tend to be middle- 
aged females, although two males with this entity have now been 
reported. The syndrome in these patients is suggestive of an au- 
toimmune disease with features such as hypergammaglobulinemia, 
proteinuria, hypocomplementemic nephritis, leukopenia, arthral- 
gia, alopecia, enlarged salivary glands, and positive nuclear and 
anti-DNA antibodies. Patients with either of these subtypes have 
carbohydrate intolerance ranging from mild abnormalities of the 
oral glucose tolerance test to severe fasting hyperglycemia requir- 
ing enormous amounts of exogenous insulin. All of these patients 
are extremely hyperinsulinemic and respond poorly to the adminis- 
tration of exogenous insulin. 

The mechanisms of this insulin resistance have been well stud- 
ied, and in addition to learning about the cause of insulin resistance 
in a rare form of diabetes, these studies have provided important 
insights into overall insulin action. In type B patients, the mecha- 
nisms for the insulin resistance are fairly clear-cut. These patients 
have a severe defect in insulin binding to circulating monocytes, 
which is due primarily to an apparent reduction in binding affin- 
ity.””'*”* These patients have circulating antibodies directed 
against some portion of the insulin receptor, which impairs insulin 
binding to the patients’ cells.”””™* When immunoglobulins from 
these patients’ sera are isolated and incubated in vitro with various 
cell types, subsequent measurements of insulin binding are also de- 
creased. Furthermore, when the patients’ freshly isolated circulat- 
ing monocytes are “stripped” of adherent immunoglobulins, in- 
sulin binding retums to normal. Thus the role of the antireceptor 
antibody to directly interfere with the ability of insulin to bind to 
receptors in vivo is undisputed in these patients. 

The insulin resistance of these patients can be quite severe, and 
one subject received as much as 177,000 U of insulin per day. The 
metabolic abnormalities in this syndrome can wax and wane, and a 
few patients have been described who have experienced complete 
remission of the insulin-resistant diabetic state with disappearance 
of antireceptor antibodies from the plasma. In a few patients remis- 
sion occurred during immunosuppressive therapy;™™ however, the 
documented occurrence of spontaneous remissions makes the po- 
tential causal relationship between drug therapy and remission 
unclear. 

In other patients with genetic forms of severe insulin resistance 
(such as type A patients), various defects in insulin action have 
been described.?”*?”°?”" Some of these patients show marked de- 
creases in insulin binding affinity, whereas others show reduced 
levels of receptor expression. Intrinsic defects in receptor kinase 
activity or postreceptor abnormalities have also been reported. 
Many of these patients have been studied using molecular biologic 
approaches, and this has led to the identification of a large number 
of different mutations in the insulin receptor gene. These mutations 
can lead to abnormal insulin binding, decreased receptor kinase ac- 
tivity, impaired processing of the receptor polypeptide. or abnor- 
mal receptor gene transcription, and the reader is referred to Chap. 
5 for a full discussion of this subject. 


Generalized Lipodystrophy and Lipoatrophy 


Many patients have been described as having generalized loss of 
subcutaneous and deep adipose tissue, hepatosplenomegaly, hyper- 
lipoproteinemia, and diabetes mellitus. Frequently, these patients 


INSULIN RESISTANCE 393 


also have acanthosis nigricans. Diabetes associated with this syn- 
drome is of the insulin-resistant type. Thus these patients have 
highly elevated circulating plasma insulin levels and respond 
poorly to the administration of exogenous insulin. Similar findings 
can be observed in patients with partial lipodystrophy, in whom 
adipose tissue loss can occur exclusively above the waist, or less 
frequently, only below the waist. Both genetic and acquired forms 
of these lipodystrophic syndromes are recognized. A number of 
missense mutations in the gene for lamin A/C, a component of the 
nuclear envelope, have recently been identified in kindreds with the 
familial form of partial lipodystrophy.?’*?”° Presumably these mu- 
tations interfere with adipocyte differentiation. The gene for con- 
genital generalized lipodystrophy has been mapped to a region of 
chromosome 9 that encodes the retinoid X receptor alpha gene, 78 
The latter would be a plausible candidate gene given its critical role 
in adipocyte differentiation. 

The mechanism of the insulin resistance in the lipodystrophies 
is poorly understood and only a few conflicting reports exist. Oseid 
and colleagues?" found that patients with generalized lipodystro- 
phy have decreased insulin binding to circulating monocytes due to 
a slight decrease in receptor number and a large decrease in recep- 
tor affinity. However, upon fasting, the ability of cells from these 
patients to bind insulin increased normally, suggesting that this de- 
fect was secondary to the existing hyperinsulinemia rather than a 
primary abnormality. On the other hand, Kriauciunas and cowork- 
ers™ found decreased insulin binding and decreased tyrosine ki- 
nase activity of receptors in cultured fibroblasts from patients with 
this syndrome, suggesting that the defect may be genetic and pri- 
mary. However, others found normal insulin binding to cultured fi- 
broblasts and to circulating monocytes from these patients." 
Possibly, these disparate findings indicate that different defects 
exist in different patients. The insulin resistance may well be sec- 
ondary to the lipoatrophy and not due to any primary genetic defect 
in the insulin action pathway. A characteristic finding in patients 
with lipodystrophy is muscle hypertrophy associated with accumu- 
lation of triglyceride and glycogen within muscle fibers.?”° The 
link between intramuscular fat and insulin resistance was discussed 
earlier. In two patients studied using the hyperinsulinemic eu- 
glycemic clamp, an impairment of HGO suppression by insulin 
was found together with a decrease in insulin-stimulated glucose 
disposal and a marked impairment of suppression of lipid oxida- 
tion.”** These findings could all be explained by the high circulat- 
ing FFA and triglyceride levels and accumulation of fat in the liver 
and skeletal muscles of these patients. 


Ataxia Telangiectasia 


Ataxia telangiectasia is a rare recessive syndrome caused by inac- 
tivating mutations in a gene on chromosome || that encodes a 
protein that plays an important role in the cellular response to 
DNA damage.”** Homozygous patients develop progressive cere- 
bellar ataxia, oculocutaneous telangiectasia, recurrent sinopul- 
monary infections, and a number of diverse abnormalities of the 
immune system. Frequently, this syndrome is accompanied by 
glucose intolerance and insulin resistance. Schalch and associ- 
ates™ reported that about 60% of patients with this syndrome 
displayed glucose intolerance, hyperinsulinemia, and an attenu- 
ated hypoglycemic response to exogenously injected insulin. In 
the patients who have been well studied, secondary causes of in- 
sulin resistance such as circulating insulin antibodies, obesity, 
lipoatrophy, and excessive growth hormone or corticosteroid se- 
cretion have been ruled out. Thus the insulin resistance that may 
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occur in ataxia telangiectasia appears to be an intrinsic component 
of this syndrome. 

In general, the degree of glucose intolerance has been mild, 
rarely requiring insulin therapy. Furthermore, a tendency toward 
exacerbation and remission of the insulin-resistant state has been 
noted. Earlier researchers”*’ recognized the resistance to the hypo- 
glycemic effects of exogenous insulin and suggested an unknown 
circulating insulin antagonist might be a causative factor. Bar and 
associates? published detailed studies in two patients with ataxia 
telangiectasia and insulin resistance. A marked decrease in the 
binding affinity of insulin receptors on freshly isolated circulating 
monocytes was noted, while the insulin receptors of fibroblasts cul- 
tured from skin biopsies were normal. The fact that the insulin re- 
ceptor abnormality did not persist in cell culture indicated that this 
defect was not genetic and was likely to be secondary to some as- 
pect of the in vivo environment. In confirmation of this idea, these 
workers were able to demonstrate a circulating inhibitor of insulin 
binding, most likely an immunoglobulin, in the plasma of these pa- 
tients. On the basis of these studies, it would appear that the insulin 
resistance in ataxia telangiectasia is due to the production of an an- 
tibody that inhibits insulin binding. Serial studies in one patient 
demonstrated the disappearance of this circulating inhibitor, coin- 
cident with the remission of the insulin resistance," and this 
greatly strengthens the argument for a cause-and-effect relation- 
ship between these variables. 


Leprechaunism 


Leprechaunism is a very rare autosomal recessive disease charac- 
terized by an unusual facial appearance, hirsutism, clitorimegaly, 
acanthosis nigricans, sparse subcutaneous fat stores, and a number 
of other somatic abnormalities. This syndrome is almost always 
fatal. Most patients die during the first 1-2 years of life, with hy- 
perglycemia and the histologic findings of B-cell hyperplasia. Sev- 
eral children with this syndrome have now been studied.?”&?7778 
In those patients in whom in vivo data are available, hyperinsuline- 
mia and severe insulin resistance are present.?””788 The immunore- 
active material in the plasma of these patients has been shown to be 
genuine insulin of normal biologic activity.?** Circulating insulin 
antagonists have not been detected, and this points to a cellular de- 
fect in insulin action.?””?** This concept is supported by molecular 
studies that have revealed the presence of insulin-receptor gene 
mutations in these patients. Interestingly, the mutations thus far de- 
scribed have been different, indicating that more than one genotype 
can lead to a common phenotype. It is important to eventually un- 
ravel the relationship between the receptor mutations and the mul- 
tiple congenital anomalies displayed by these subjects, and this is 
discussed more thoroughly in Chap. 5. 


Common Features of Severe 
Insulin-Resistant States 


There are several somatic features that many of these unusual 
insulin-resistant states share (acanthosis nigricans, hirsutism, and 
mild virilism). Certainly, not every patient with one of these syn- 
dromes has these characteristics, but many do. Additionally, it is 
well known that severely obese insulin-resistant women often have 
acanthosis nigricans, hirsutism, and mild virilism. These frequent 
associations suggest some basic relationship between these phe- 
nomena, and it seems possible that some metabolic feature of hy- 
perinsulinemia and insulin resistance leads to the associated so- 


matic characteristics described. Although no mechanism is known, 
it is interesting to note that insulin is able to bind to IGF-1 recep- 
tors and can exert growth-like properties through this mechanism. 
Although insulin binds with a much higher affinity to the insulin 
receptor than to the IGF-1 receptor, it is possible to speculate that 
at very high circulating insulin levels (as seen in severe insulin- 
resistant states) insulin is capable of binding (or overlapping) into 
IGF-I receptors, stimulating growth and proliferation of various 
cell types. With this formulation, high levels of circulating insulin 
could cross-react with other hormone receptors, possibly leading to 
some of the somatic features associated with a variety of insulin- 
resistant states. 
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CHAPTER 23 


Obesity and Diabetes Mellitus 


P Antonio Tataranni 
Clifton Bogardus 


OBESITY 


Throughout evolution, animals and humans have developed redun- 
dant mechanisms promoting accumulation of fat tissue during 
periods of abundance to survive periods of famine. However, what 
once was an asset has become a liability in the current obesogenic 
environment of readily available high-fat foods and reduced physi- 
cal activity.' As a consequence, obesity has reached epidemic 
proportions in both industrialized countries and in urbanized popu- 
lations around the world.” 

Obesity is clinically defined as a body mass index (BMI) of 
230 kg/m” [a BMI of 30 represents an excess of weight of approx- 
imately 30 lb (14 kg) for any given height] (Table 23-1).* In the 
United States during the late 1990s one out of two adults was over- 
weight and one of four were obese.’ More alarming, the prevalence 
of obesity has been increasing drastically among children.> The 
World Health Organization has identified obesity as one of the 
major emerging chronic diseases.” Obesity increases the risk for a 
number of noncommunicable diseases (i.e., type 2 diabetes, hyper- 
tension, dyslipidemias) and reduces life expectancy.° In the U.S. 
the annual cost of obesity to the public health system is estimated 
to be nearly $100 billion. This represents between 5% and 10% of 
the U.S. health care budget.’ 

The exact cause of obesity in the majority of humans is not 
known. It is, however, widely accepted that it results from a chronic 
imbalance between energy intake and energy expenditure (Fig. 
23-1). Studies in twins,® adoptees,” and family members” indicate 
that obesity is a heritable disease and that 70% of the interindivid- 
ual variability in BMI is genetically determined.” Because only 
30% of BMI’s heritable components can be attributable to familial 
traits such as daily energy expenditure (10-15%), respiratory quo- 
tient (5%), and spontaneous physical activity (10%),''""? one has to 
conclude that a large proportion of the genetic variance in BMI 
may be due to the effect of genes on eating behavior and/or habitual 
daily physical activity (Fig. 23-2). 

Recent research has provided an unprecedented expansion of 
our knowledge of the molecular mechanisms regulating food 
intake. Perhaps the greatest impact has resulted from cloning the 
genes corresponding to several mouse monogenic obesity syn- 
dromes and the subsequent characterization of the pathways in- 
volved.'* Many of these gene discoveries (ob, db, and Ay) have 
already led to potential anorexigenic drugs (leptin) or drug targets 


(agonists for the leptin receptor and the melanocortin stimulating 
hormone receptor 4 [MC4-R], and antagonists for the neuropeptide 
Y receptors | and 5 [NPY1-R, NPY5-R] and others) currently in 
pharmaceutical development (see Chap. 10). 

In contrast to animal models, the study of the molecular 
mechanisms and resulting behaviors that underlie excessive energy 
intake in humans has been very difficult. Nevertheless, the identifi- 
cation of severe hyperphagia in individuals with mutations of the 
leptin, leptin receptor, and MC4-receptor genes leaves little doubt 
that energy intake is as tightly regulated in humans as it is in ani- 
mals, and suggests that these are highly conserved pathways'® 
(Table 23-2). Furthermore, based on the results that have emerged 
from the recent use of new imaging techniques (such as positron 
emission tomography and functional MRI), it seems likely that 
brain responses to a meal may be substantially different between 
lean and obese subjects.!*!” Such techniques applied to postobese 
subjects as well as subjects suffering from eating disorders may 
help identify the neurological pathways responsible for hyper- 
phagia and obesity in humans. 

Past difficulties in measuring habitual physical activity in 
humans have largely been alleviated by the advent of the doubly 
labeled water technique." Thus in the near future it should be 
possible to better understand the interaction between the energy ex- 
pended in daily physical activities and the development of obesity 
in children and adults. 

A greater knowledge of the pathophysiology of obesity will 
ultimately come from the current efforts to isolate all of the genes 
related to weight gain. Over the past 5 years, genetic linkage 
studies have increasingly focused on complex traits such as 
obesity. Genome-wide scans have been completed in Mexican- 
Americans,’ in Pima Indians,”"”' in a diverse population of whites 
and blacks,” in French-Canadian families,”* and in French fami- 
lies. From these studies major loci linked to obesity have been 
found on chromosomes 2, 5, 10, 11, and 20. Those areas of the 
genome are currently under intense investigation as they may lead 
to the cloning of obesity susceptibility genes. 

While obesity is likely a disease with multiple genetic and 
molecular causes, the impact of an obesogenic environment on 
this disease is substantial.” Therefore research should be con- 
ducted to uncover the major environmental determinants of obe- 
sity. and most importantly, to understand which are realistically 
modifiable. 
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TABLE 23-1. Classification of Overweight and Obesity by Body 
Mass Index (BM!) According to the 1998 National Institutes of 
Health Guidelines 


Obesity Class BMI kg/m? 
Underweight <18.5 
Normal 18.5-24.9 
Overweight 25.0-29.9 
Obesity I 30.0-34.9 
II 35.0-39.9 
Extreme obesity I =40 


Genes 


Body Weight 


[Gain | Stable | tos] 


Environment 


FIGURE 23-1. Obesity is the result of a chronic imbalance between energy 
intake and energy expenditure. Obesity susceptibility genes and their inter- 
action with the obesogenic environment are likely to control both sides of 
the energy balance equation (i.e.. energy intake and energy expenditure). 


FIGURE 23-2. Studies in twins, adoptees, and family members indicate that 
approximately 70% of the interindividual variability in BMI is attributable 
to genetic factors. From prospective studies in Pima Indians. we can ascribe 
10% of the variability in BMI to resting metabolic rate (RMR). 5% to fat 
oxidation (estimated from the respiratory quotient. RQ), and another 10% 
is likely due to the level of spontaneous physical activity (SPA)/fidgeting. 
Based on these data we estimate that at least 40% of the variability in BMI 
is related to genetic factors involved in the regulation of food intake (hyper- 
phagia) and/or volitional activity (inactivity). Future studies are warranted 
to confirm these theoretical estimates. 
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TABLE 23-2. Some Forms of Human Obesity Caused by Single 
Gene Mutations 


Gene Mutation Location 


LEP G deletion 7q31 
@ codon 133 
COT 
codon 105 
exon 3 
LEPR GoA 1p31 
exon 16 
CTCT deletion 
@ codon 211 
GATT insertion 
@nt732 


LEP. leptin gene; LEPR, leptin receptor gene. MC4-R melanocortin = stimulating 
hormone receptor-4 gene. 


MC4-R 18q21.3 


ASSOCIATION BETWEEN OBESITY AND T2DM 


Individuals with type 2 diabetes mellitus (T2DM) are so commonly 
obese that Ethan Sims coined the term diabesity to describe this 
increasingly common syndrome. The association between obesity 
and T2DM has been observed in comparisons of different popula- 
tions and within populations. In 10 different populations from di- 
vergent areas of the world, West and Kalbfleish discovered a strong 
correlation between prevalence of mean percentage standard 
weight and prevalence of T2DM.”° Similar associations were 
found within populations, starting as early as 1921 in a study by 
Joslin.” Epidemiologic data indicates that both obesity and T2DM 
are more prevalent in affluent than in poor countries, suggesting 
that differences in life style and nutrition account for some of the 
differences observed between populations. However, within the 
same environment, certain ethnic groups have a markedly in- 
creased prevalence of obesity and T2DM. This has been interpreted 
by some to indicate that a common genetic predisposition may un- 
derlie the increased propensity for obesity and T2DM. 

In addition to being more obese than nondiabetic people, peo- 
ple with T2DM have a more central distribution of body fat. As 
early as 1956, Vague suggested that central obesity was more com- 
mon in people with T2DM.”* Using different measures of body fat 
distribution, Feldman and colleagues confirmed these findings.” In 
a survey of over 30,000 women, Hartz and associates reported a 
higher prevalence of T2DM in women with a greater proportion of 
body fat at the waist relative to the hips, even at comparable de- 
grees of obesity.” In a addition to these intrapopulation surveys, 
West reported that the Plains Indians of Oklahoma, a population 
with a high prevalence of T2DM, had a more central distribution of 
body fat when compared with whites in the U.S. population, a 
group with a lower prevalence of T2DM.”! 

Despite the overwhelming evidence showing the association 
between obesity and diabetes, a closer look at these cross-sectional 
data indicates that obesity is neither necessary nor sufficient for the 
development of T2DM. First, a number of lean people have dia- 
betes.*? Second, in some populations a high prevalence of obesity 
is associated with a low prevalence of T2DM™ and pairs of dia- 
betic monozygotic twins who are discordant for body weight have 
been described.” Third, in most populations obesity is more preva- 
lent in females than in males, whereas the prevalence of T2DM is 
no different between genders. Finally and most importantly, in all 
populations a vast majority of the individuals who are obese do not 
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FIGURE 23-3. Incidence of T2DM correlated with BMI and parental diabetes in Pima Indians. This and other ev- 
idence (sce text) indicates that obesity in neither sufficient nor necessary for the development of T2DM. (Adapted 


6 
from Knowler eval’) 


have T2DM. Although more than 50% of U.S. individuals are over- 
weight, less than 10% of the population has T2DM (see Chap. 19 
for a complete review). Among Caucasians?’ and Pima Indians 
the latter, a population with one of the highest reported prevalence 
rates of obesity and diabetes in the world, the association between 
obesity and diabetes is strongly influenced by parental diabetes 
(Fig. 23-3). This seems to suggest that obesity may be more harm- 
ful in subjects who are genetically predisposed to develop T2DM. 
Cross-sectional studies do not establish whether obesity and 
T2DM are causally related, or if there is a third factor that causes 
both. However, prospective and longitudinal studies strongly sup- 
port a direct role of obesity in the pathogenesis of diabetes. 


OBESITY IS A RISK FACTOR FOR T2DM 


Prospective studies on Caucasians in Norway,” Sweden,” Israel,” 
and the United States, "®t! as well as Mexican-Americans in 
Texas’? and Pima Indians in Arizona” have shown conclusively 
that obesity is a major risk factor for T2DM. Furthermore, studies 
of Israelis’? and Pima Indians” have indicated that duration of obe- 
sity, in addition to degree of obesity, is a risk factor for T2DM. The 
risk of T2DM in Pima Indians is twice as high in those who have 
been obese for 10 years or more compared with those obese for less 
than 5 years.“ A central distribution of body fat is also a major risk 
factor for T2DM, independently of the degree of obesity. This was 
demonstrated in prospective studies of Swedish, Pima Indian, and 


Japanese populations, irrespective of the methodology used to as- 
sess body fat distribution.***>** 

Obesity and visceral fat are neither the only nor the strongest 
predictors of T2DM. The relative role of obesity, body fat distribu- 
tion, insulin sensitivity, insulin secretion, and hepatic glucose pro- 
duction was assessed in a prospective study of nondiabetic Pima 
Indians followed annually to detect the development of T2DM and 
to compare baseline measurements of those who developed the 
disease and those who did not.” Consistent with studies in other 
populations, univariate analyses revealed that insulin resistance is 
the single strongest predictor of T2DM (Table 23-3). In multivari- 
ate analyses, insulin resistance and insulin secretory dysfunction 
had an independent and cumulative effect on the development of 
diabetes, while hepatic glucose production did not (Fig. 23-4). The 
degree of obesity had little or no effect in predicting diabetes when 
insulin resistance was taken into account, suggesting that insulin 
resistance may be the major mechanism behind the association of 
obesity with increased risk of diabetes. In contrast, insulin resis- 
tance remained a strong predictor of T2DM when obesity (and 
insulin secretory function) was taken into account, indicating that 
in this population, insulin resistance predisposes to T2DM as a 
result of factors other than obesity alone. Central obesity, which 
predicts diabetes in other populations, was also predictive in Pima 
Indians and remained a significant risk factor when percentage of 
body fat and insulin resistance were taken into account. A reduced 
acute insulin response to glucose was also a significant independ- 
ent risk factor.” 
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TABLE 23-3. Risk Factors for the Development Type 2 Diabetes in 200 Pima Indians 


Values at 10th or 


Factor 


Body fat (%) 

Ratio of waist to thigh circumference 

My, 30 (mg glucose/kg MBS - min) 

Hepatic glucose production (mg/kg MBS - min) 
Acute insulin response (U/mL) 


90th percentile* Relative Hazard 95 % Cl 

22, 52 7.8 2.3-26.8 

1.4, 1.8 12.2 4,.0-36.8 

4.4.2.0 31.1 4.9-197.1 
1.79, 2.47 13 0.3-1.9 
402. 104 2.2 0.9-5.9 


Ma9 represents glucose uptake at a mean plasma insulin concentration of 130 pU/mL during cuglycemia. MBS, metabolic 
body size (fat-free mass + 17 kg). Relative hazards were computed by proportional hazard analysis. *The first value in this col- 


umn is the value associated with a lower risk of diabetes. 


Together, prospective studies in Pimas and other populations 
indicate that obesity and defects in both insulin action and insulin 
secretion predispose to diabetes, but they give little information 
about the time course of these abnormalities and how they interact 
with one another. Longitudinal data in a group of Pima Indians 
followed for 5 years indicate that the transition from normal glu- 
cose tolerance to impaired glucose tolerance was associated with 
increased body weight, a decline in insulin action, and a decline in 
insulin secretion, but no changes in hepatic glucose production.*” 
Further increase in body weight and further decrease in both 
insulin action and insulin secretion, but an increase in hepatic glu- 
cose production, characterized progression from IGT to diabetes. 
By comparison, in Pimas who remained NGT over the same period 


of time. a twofold smaller increase in body weight was associated 
with a decline in insulin action and an increase in insulin secre- 
tion’”“* (Fig, 23-5). These data are consistent with a pathogenic 
role of obesity and longer duration in the progressive impairment 
of insulin action and insulin secretion that lead to diabetes. 


OBESITY AND INSULIN RESISTANCE 


Experimental weight gain causes hyperinsulinemia and insulin 
resistance in animals and humans." The effect of short-term 
overnutrition on insulin action is thought to be mediated by a de- 
crease in muscle glycogen synthase activity and glycogenesis.”' 


FIGURE 23-4. Seven-year cumulative incidence of T2DM in Pima Indians. This analysis shows the independent 
and additive effect of insulin resistance and insulin secretory dysfunction on the development of T2DM in this 


population. 
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FIGURE 23-5. Relation of changes in 2-hour glucose concentration. insulin action (AM-low), and insulin secre- 
tion (AAIR) to change in body weight in 209 Pima Indians with normal (NGT) or impaired (IGT) glucose toler- 
ance at baseline. who were studied a second time while still free of diabetes after cither losing or gaining weight 
over an average of 2.5 years. While weight gain was associated with a similar decline in insulin action in individ- 
uals with NGT and IGT (middle panels). the effect of weight gain on insulin secretory function was opposite in 
the two groups (lower panels). Thus. weight gain seems to have more detrimental effects in subjects with IGT 
than in subjects with NGT, since in the former insulin secretion fails to increase to compensate for the decreased 
insulin action. Consequently, the raise in 2-hour glucose in response to the same degree of weight gain is greater 
in people with IGT compared to people with NGT (upper panels). (Adapted from Weyer et al.) 


Recent data suggest that this may be due to activation of the intra- 
cellular hexosamine pathway in response to excessive availability 
of nutrients." 

The relationship between degree of obesity and in vivo insulin 
action has been investigated extensively. In nondiabetic Pima 
Indians the relationship between obesity and insulin action was 


studied using a two-step euglycemic-hyperinsulinemic clamp tech- 
nique. In combination with indirect calorimetry, this technique 
allows the assessment of whole body (reflecting mostly skeletal 
muscle glucose metabolism) insulin-mediated glucose disposal and 
its two major components, oxidative and nonoxidative (glycogen 
storage) glucose disposal. A negative, nonlinear relationship 
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FIGURE 23-6. The relation between insulin-mediated glucose disposal (M) during a hyperinsulinemic eug- 
lycemic clamp and percentage of body fat study in 280 Pima Indians with either NGT (n = 179, open circles). 
IGT (n = 79, gray circles). or T2DM (n = 29, dark circles). At each level of adiposity. individuals with a rela- 


tively high. normal, or low M can be identified. 


between the degree of obesity and in vivo insulin action at physio- 
logic insulin concentrations was observed**~>” (Fig. 23-6). At 
maximally-stimulating plasma insulin concentrations there was a 
significant, negative linear relationship between degree of obesity 
and insulin action. It is important to point out that in Pima Indians, 
adiposity only accounts for approximately 36% of the variance in 
insulin action at physiologic insulin concentration, and even less, 
approximately 15%, at maximally-stimulating insulin concentra- 
tions.**-*’ While some of this variance can be explained by differ- 
ences in body fat distribution, this indicates that some very obese 
individuals can have a normal peripheral tissue sensitivity to the 
effect of insulin on glucose uptake (Fig. 23-6). 

Many studies have indicated that over a wide range of insulin 
action, from the greatest in vivo insulin resistance to the greatest 
insulin sensitivity, glucose storage, not glucose oxidation, makes a 
progressively greater contribution to glucose uptake."8*? Together 
with the evidence that during a hyperinsulinemic euglycemic 
clamp there is little hepatic glucose uptake’ but significant pe- 
ripheral glucose uptake, these studies emphasize the role of skele- 
tal muscle glucose storage in determining insulin resistance. In 
1989, Shulman and associates demonstrated directly that the rate of 
insulin-mediated glycogenesis, measured by nuclear magnetic 
resonance, was reduced in people with T2DM compared with non- 
diabetic subjects. Despite the many theories proposed to explain 


the etiologic link between obesity and insulin resistance, a con- 
vincing explanation of how excess adiposity and/or its metabolic 
and hormonal consequences impair glucose uptake and storage in 
the muscle remains elusive. 


Role of Free Fatty Acids (FFA) 


After years of controversy, there is now very strong evidence that 
acute elevation of plasma FFA levels, such as can be generated 
by intralipid/heparin infusion, can result in insulin resistance.” 
Furthermore, acute®*® and chronic”? lowering of FFA improves 
insulin sensitivity. 

The question as to how an increased fatty acid supply from fat 
depots, especially visceral adipose tissue, induces insulin resis- 
tance in peripheral tissues has been difficult to resolve. Lipolytic 
activity in abdominal adipocytes is considerably higher than in 
subcutaneous adipocytes.’' Because FFA released from the ab- 
dominal fat deposits are delivered directly to the liver through the 
portal vein, hepatic insulin resistance, accompanied by increased 
gluconeogenesis and increased lipoprotein and triglyceride export 
to other tissues, has been invoked as a possible mechanism. How- 
ever, it has been difficult to directly demonstrate an increase in FFA 
flux to the muscle in obese subjects and in subjects with increased 
visceral obesity. and in fact the reverse has been reported.’” Never- 


Chapter 23 


theless, insulin sensitivity in animals and humans has been found 
to be inversely related to total muscle triglyceride content as mea- 
sured in muscle biopsies.’*-”* In humans, this correlation is much 
stronger when intramyocellular fat is the measured variable.”© 
While there appears to be increasing evidence for an accumulation 
of muscle lipid in insulin resistance states in humans, the causal 
mechanism that links tissue accumulation of fat and reduced glu- 
cose uptake remains to be established. 

It has been proposed that increased availability of FFA or 
ketones for oxidation may be responsible for an inhibition of car- 
bohydrate metabolism in muscle, thus producing a reduction in 
glucose tolerance. The concept has been extended to suggest that 
one role of insulin is to control glucose uptake by controlling the 
rate of release of FFA from adipose tissue.’””**° However, in 
both humans and rodents the effect of intralipid/heparin infusion 
on insulin resistance takes several hours to occur.°’*' Thus the 
prompt effect of FFA to reduce glucose oxidation/glycolysis at 
the mitochondrial level by competing for the same oxidative path- 
ways as first described by Randle and colleagues” is at best an 
incomplete explanation for a direct effect of FFA on insulin 
resistance. 

While there is substantial evidence of a primary role of skele- 
tal muscle glucose storage (not oxidation) in determining insulin 
resistance, an unequivocal biochemical explanation for a role for 
FFA in regulating glycogen synthesis is lacking. Some possible 
mechanisms have been proposed. Long-chain acyl CoA (LCACs, 
the activated form of FFA that can be transported across the mito- 
chondrial membrane for oxidation) and especially palmitoyl CoA 
have been shown to inhibit the activity of liver glycogen syn- 
thase,"? but there are no reports of this effect in muscle. The effect 
of FFA on glucose storage may be indirectly mediated via an in- 
hibitory effect on insulin signaling and/or glucose transport. Some 
evidence points to the possible modulatory effect of LCACs on 
PKC activity®? and its inhibition of insulin-mediated glycogen 
synthesis. In animal and human studies, a significant correlation 
has been found between FFA composition of muscle membranes 
and insulin action.***° The mechanisms by which lipid composi- 
tion of the membrane influences insulin action are not clear but 
may involve changing membrane fluidity, which could affect in- 
sulin and other membrane receptor action. FFA may directly af- 
fect glucose transport, and there is substantial evidence that 
LCACs are intimately involved in the regulation of the normal 
translocation of GLUT-4-containing vesicles.*”*’ UDP-N-acetyl- 
glucosamine (UDP-N-GIcNAc) is the end product of the hex- 
osamine pathway and stimulation of this pathway by hyper- 
glycemia, infusion of glucosamine, or increased availability of 
FFA causes insulin resistance in the muscle.” By glycosylation 
and stabilization of transcription factors, UDP-N-GlcNAc may 
regulate expression of genes involved in the control of glycogen 
synthesis. 


Role of Adipocyte Secreted Hormones 


While the response of adipocytes to sex steroids and glucocorti- 
coids has been known for a long time,” it is only recently that the 
adipose tissue has been recognized as an endocrine and paracrine 
organ from which a number of signals emanate. These include 
leptin, tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6), com- 
plement C3 and its cleavage product acylation stimulating protein 
(ASP), enzymes of lipoprotein metabolism (LPL, CETP, and 
Apo-E), growth factors (TGF and IGF-1), angiotensinogen, and 
PAI-1.° It has been proposed that the role of adipose tissue in 
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regulating glucose metabolism may in part be explained throug 
the action of leptin and the other adipocyte-secreted cytokine: 
TNF-a and IL-6 on peripheral tissues (Fig. 23-7). 

Leptin levels are usually elevated in proportion to the degree oi 
obesity in animals and humans.?** Leptin has been shown to have 
both central and peripheral effects.” ®” Experimental studies have 
suggested that leptin may impair insulin signaling both in the 
skeletal muscle and the adipose tissue. Leptin impairs insulin- 
mediated glucose uptake in mouse myotubules by inhibiting phos- 
phorylation of IRS-1.°% The same type of mechanism was reported 
for the insulin-mediated glucose uptake inhibition induced by lep- 
tin in Hep-G2 cells.” In rat adipocytes, leptin has been found to 
inhibit insulin-mediated glucose uptake, possibly via PKA activa- 
tion. These in vitro data contrast sharply with the data from 
experiments in several animal models of obesity and diabetes that 
show improvement in glucose/insulin metabolism in response to 
peripheral administration of leptin.'°'-'™ Leptin administration in 
humans is not associated with the development of diabetes in the 
short-term.'®* Thus the role of leptin as a mediator of the insulin 
resistance observed in obese individuals remains largely unsub- 
stantiated and the balance of data suggest that leptin improves 
insulin sensitivity. 

Adipose tissue is a significant source of endogenous TNF-a 
production and its expression is elevated in association with obe- 
sity in both animals and humans. '°*'7 Adipocytes are also respon- 
sible for the expression of the soluble form of both type | and type 
2 TNF-a receptors." Release from subcutaneous adipose tissue of 
both forms of TNF-a receptors into the circulation has been ob- 
served, but not release of TNF-a itself.'"*'°? The exact role of the 
soluble receptors in modulating the effects of TNF-a in target tis- 
sues in not well understood. /n vitro studies suggest that TNF-a 
impairs insulin signaling, but the exact mechanism is still under in- 
vestigation. TNF-a has been reported to decrease phosphorylation 
of IR/IRS-1,''° decrease IRS-1 and GLUT-4 expression,'"’ and 
increase intracellular calcium concentration.''? However, whether 
TNF-a is an endocrine or paracrine signal from distant or local 
adipocytes to the muscle remains the subject of some debate. 
Therefore, the in vivo significance of these data is as yet unclear.” 

Like TNF-a, IL-6 is a proinflammatory cytokine with potent 
actions in host defense. IL-6 is also expressed in and released by 
adipose tissue and its circulating concentration increases with 
obesity.'!*'"* In animals, IL-6 has been shown to stimulate insulin 
secretion.!!> In humans, IL-6 was found to increase hepatic glucose 
release and to induce the release of glucagon and cortisol.!'> Thus, 
a direct role of IL-6 in causing insulin-resistance in the obese state 
is currently only based on circumstantial evidence. 

Human adipocytes also synthesize and secrete the three pro- 
teins of the alternative complement pathway: complement C3, fac- 
tor B, and factor D (adipsin). The interaction of these three factors 
results in the generation of C3a, which is rapidily converted to 
C3adesarg, also termed acylation stimulating protein (ASP).''® 
In vitro studies indicate that ASP stimulates glucose uptake in 
adipocytes,''” fibroblasts,''® and myotubules.'!” Experimental data 
indicate that ASP stimulates the translocation of glucose trans- 
porters to the cell surface and that this effect is independent of in- 
sulin.!"*'! Elevated C3 levels have been reported in association 
with obesity and other conditions associated with insulin resis- 
tance.'20!7? A Negative correlation between insulin action and C3, 
but not ASP, plasma concentration has been reported in Pima 
Indians.'** The exact biological mechanism underlying this associ- 
ation remains obscure, especially in view of the positive effects of 
ASP on glucose metabolism. 
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FIGURE 23-7. The adipose tissue is an endocrine organ. Several signals (endocrine, paracrine, and metabolic) 
emanate from adipocytes and are believed to affect several organs including brain. liver, skeletal muscle, and pan- 
creas. The strength and direction of the effect of the signals emanating from the adipose tissue to other organs are 


the object of intense investigation. 


Role of Obesity-Induced Changes 
in Skeletal Muscle 


Obesity is associated with an increase in both fat mass and fat-free 
mass.'™ A role for the increase in fat-free tissue in producing in- 
sulin resistance has been studied in the past. With an increase in 
fat-free mass, muscle cells are hypertrophied and capillaries in the 
muscle are more widely spaced. Several human studies have indi- 
cated that muscle cell size and muscle capillary supply are 
associated with changes in fasting insulin concentration and glu- 
cose tolerance.'**-'”’ It has been proposed that the association be- 
tween obesity-induced changes in skeletal muscle morphology and 
insulin action may be explained by the fact that lower capillary 
density results in reduced access of insulin to muscle of obese sub- 
jects.'°® Studies of insulin kinetics have indicated that insulin pen- 
etrates the capillary wall slowly and equilibrates slowly in a non- 
vascular compartment. '”° If muscle cell membranes are able to take 


up and degrade insulin more rapidly than the diffusion of insulin 
from capillary to interstitial space and down to fibers, then physio- 
logic effects would be important. Theoretical models based on the 
principles that insulin diffuses from the capillary and is taken up 
and degraded by muscle cell membrane, predict that the average in- 
sulin concentration around a hypertrophied muscle cell with a poor 
capillary supply will be reduced even at steady state.” In support 
of this theory, a reduced capillary density,” a delayed onset of in- 
sulin action in the muscle,'*'*' and a 26% lower tissue insulin 
concentration at the same plasma concentration have been ob- 
served in obese compared with lean individuals.'* 


OBESITY AND INSULIN SECRETION 


FFA serve as an important energy source for most body tissues, but 
they have a broader function in whole-body fuel homeostasis by 
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virtue of their ability to act as signals in a variety of cellular 
processes. One such role of FFA is to enhance the responsiveness of 
the pancreas to a variety of insulin secretagogues. However, recent 
studies indicate that chronic exposure of the pancreas to excessive 
FFA concentration may have deleterious effects on the B cells.'*? 

Studies in animals indicate that FFA are indispensable to the 
B cells for stimulus-secretion coupling during fasting. In fasted 
rats, B cells are virtually unresponsive if FFA are lowered by an in- 
fusion of nicotinic acid before a glucose load, and the insulinotropic 
efficiency of FFA increases with their degree of saturation. "+" 
The situation appears to be similar in humans during prolonged 
food deprivation.!** Thus it has been proposed that at any given 
time, insulin secretion will be governed not only by the blood glu- 
cose concentration, but also by the prevailing concentration and na- 
ture of the circulating fatty acids. The exact mechanism by which 
FFA (or an active form like LCACs) modulate insulin secretory 
function is not known, but the site of action appears to be at a late 
step of the insulin secretory process, since it is common to a variety 
of insulin-secretory stimuli." 

The ability of circulating FFA to sustain basal B-cell function 
in the fasted state and to assure efficient nutrient-stimulated insulin 
secretion when the fast is terminated must be considered a physio- 
logic phenomenon. In prediabetic obese individuals, basal hyper- 
insulinemia and exaggerated postprandial insulin secretion are 
widely accepted as compensatory responses to the preexisting 
muscle insulin resistance. However, because at this early stage only 
a small increase in plasma glucose concentration is observed in as- 
sociation with insulin resistance and hyperinsulinemia, it is not 
clear how the B cells sense peripheral insulin resistance and be- 
come hyperresponsive to glucose. An attractive hypothesis is that 
tissue accumulation of fat plays a role in inducing both muscle in- 
sulin resistance and pancreatic glucose hyperresponsiveness. 

Both experimental and circumstantial evidence is mounting, 
however, that chronic exposure to FFA has deleterious effects on in- 
sulin secretion. Long-term intravenous infusions of FFA impair in- 
sulin secretion in both animals and humans.'**!? Elevated FFA 
plasma concentrations have been found to predict diabetes.'*°'*! In 
Pima Indians, a high fasting plasma FFA concentration predicted 
the development of diabetes independently of insulin resistance, but 
not independently of insulin secretion.'*' Results from this prospec- 
tive study are consistent with the hypothesis of a deleterious effect 
of chronically elevated FFA concentrations on insulin secretion. 
Possible mechanisms underlying the “‘lipotoxic” effects of FFA on 
the B cell include overproduction of NO,'*? interleukin-18,'* 
and/or ceramide,'™ the latter possibly being responsible for the ac- 
celerated apoptosis observed in fat-laden B cells. 


OBESITY, T2DM, AND THE AUTONOMIC 
NERVOUS SYSTEM 


Fasting hyperinsulinemia and exaggerated insulin response to glu- 
cose are typical characteristics of various animal models of genetic 
or hypothalamic obesity and diabetes. They include the ob/ob 
mouse, the fa/fa rat, and rodents with lesions of the ventromedial 
hypothalamus. '“>-!>? The metabolic abnormalities observed in these 
animals are thought to be due to an abnormal function of the auto- 
nomic nervous system, namely low sympathetic nervous system ac- 
tivity and an exaggerated parasympathetic drive to the pancreas. In 
humans, the autonomic nervous system is also thought to be involved 
in the regulation of energy'™ and glucose/insulin metabolism.'* 
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Studies in Caucasians indicate that the activity of the syn 
thetic nervous system is related to the three major component 
energy expenditure: resting metabolic rate,'®* the thermic effec 
food,'*” and spontaneous physical activity.!°* We have rece 
shown that sympathetic nervous system (SNS) activity is also « 
related with daily fat oxidation rates. Further indications of 
possible role of SNS activity in the regulation of energy balanc: 
humans comes from a study showing that low SNS activity 1 
associated with poor weight loss outcome in obese subje 
treated with diet.’ Furthermore, Pima Indians, who are prone 
obesity, have low rates of muscle sympathetic nerve activity cc 
pared to weight-matched Caucasians.'*° In a prospective stu 
baseline urinary excretion rate of norepinephrine, a global inc 
of SNS activity, was negatively correlated with body weight g: 
in male Pima Indians.'®' Thus low activity of the SNS is asso 
ated with the development of obesity, which in turn is a risk fac: 
for T2DM. 

Parasympathetic, sympathetic, and sensory nerves richly i 
nervate the pancreatic islets. Experimental evidence indicates tt 
insulin secretion is stimulated by parasympathetic nerves and thc 
Neurotransmitters and inhibited by sympathetic nerves and the 
neurotransmitters.'°*!*? The autonomic innervation of the pancre 
seems to be of physiologic importance in mediating the cephal 
phase of insulin secretion.'**'©? However, the autonomic nervi 
could also be involved in the islet adaptation to insulin resistanc 
with possible implications for the development of T2DM'™ (se 
Chap. 9). 

At the opposite extremes of the relationship between aut 
nomic nervous system activity and insulin secretion, are patieni 
with Prader-Willi syndrome and the Pima Indians of Arizona.'*'€ 
Patients with Prader-Willi syndrome, a relatively common form c 
genetic obesity, who are hypoinsulinemic and have a delayed in 
sulin response to a meal, have a very low parasympathetic drive t: 
the pancreas.'™ Pima Indians seem to have a complex disturbance: 
of the autonomic function, including not only lower sympathetic 
nervous system activity,“ but also an increased parasympathetic 
drive to the pancreas, which is detectable in childhood.'® This i: 
thought to contribute, at least in part, to the high prevalence o! 
hyperinsulinemia in this population.'® Of note, fasting hyper- 
insulinemia has recently been reported to be an independent risk 
factor for T2DM in the Pimas.!*” 


OBESITY AND T2DM IN CHILDREN 
AND ADOLESCENTS 


Childhood obesity is a very serious problem because obese chil- 
dren tend to grow into obese adults.’ Furthermore, duration of 
obesity is an independent predictor of poor health outcomes.'©? 
The risk of developing obesity seems to be especially elevated dur- 
ing early infancy, the adiposity rebound period during prepubertal 
growth, and the adolescent growth phase.'”° 

The observation that obesity occurs more frequently in chil- 
dren of obese parents has led to a variety of studies to determine 
how much of the genetic predisposition to obesity is related to 
energy metabolism. As in adults, some but not all studies have 
reported that excessive energy intake and/or a low energy ex- 
penditure in early childhood increase the risk of obesity later in 
life.'7!"'"® Despite large inconsistencies in the literature and be- 
cause low levels of aerobic fitness,'’’ excessive TV viewing,'”® and 
limited playing time’” have all been associated with increased risk 
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of weight gain, it seems reasonable to conclude that a sedentary 
lifestyle in early childhood should be discouraged. 

One of the most troubling aspects of the current epidemic of 
obesity is the increasing prevalence of T2DM among children and 
adolescents.’ Until recently, immune-mediated type 1 diabetes was 
the only type of diabetes considered prevalent among children. Re- 
cent reports indicate that 8—45% of children with newly diagnosed 
diabetes have non-immune-mediated diabetes. While percentages 
vary greatly depending on ethnicity and sampling strategies, the 
majority of these children have T2DM.'®° 

Because the emergence of T2DM in children and adolescents 
is a relatively recent phenomenon, there is only a limited amount of 
data on the epidemiology of the disease in the general U.S. popula- 
tion, but it seems that certain ethnic minorities are disproportion- 
ately affected.'*! Among the Pima Indians of Arizona an analysis 
performed from 1992 to 1996 revealed a prevalence of T2DM of 
2.2% in the 10- to 14-year-old age group and 5% in children 15-19 
years of age,'® 

Obesity is the hallmark of T2DM in youth, with up to 85% of 
affected children being either overweight or obese at diagnosis. "° 
Usually a family history of diabetes is also present, with up to 
80% of patients having at least one parent and close to 100% of 
the patients having a first- or second-degree relative with dia- 
betes.'*”!*? Female sex and puberty are other possible risk factors 
for developing T2DM at an early age.'*° Studies in Pima Indians in- 
dicate that offspring of women who had diabetes during pregnancy 
are especially at risk of T2DM at an early age.'*? Exposure to the 
diabetic intrauterine environment was responsible for about 40% of 
the T2DM seen in children aged 5-19 between 1987 and 1994, 
approximately twice the attributable risk found between 1967 and 
1976.'® It remains to be seen whether gestational diabetes is a fac- 
tor in the alarming rise of T2DM seen in youth nationally. 


SUMMARY AND CONCLUSION 


Obesity is a chronic disease that is quickly reaching epidemic pro- 
portions, and one that increases the risk for other noncommunica- 
ble diseases, and thus reduces life expectancy. Obesity is heritable 
and it results from a chronic imbalance between energy intake and 
energy expenditure. However, its exact etiology is unknown. 

While it is often observed in association with T2DM, obesity is 
neither necessary nor sufficient alone to cause T2DM. In some 
predisposed individuals and populations, obesity substantially in- 
creases the risk of developing T2DM by lowering insulin sensitiv- 
ity, and possibly by increasing insulin secretory dysfunction. The 
precise links between obesity and T2DM have yet to be unequivo- 
cally identified. 

In conclusion, further research is needed to understand the 
etiology of obesity and how obesity precipitates the development 
of T2DM in predisposed individuals. 
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Aging and Diabetes 


Robert V. Hogikyan 
Jeffrey B. Halter 


CLASSIFICATION AND DEFINITION 


The American Diabetes Association (ADA) criteria for diabetes 
and impaired glucose tolerance, provided in Chap. 8, are currently 
applied to adults of any age, despite the fact that glucose tolerance 
is known to deteriorate with age. However, as discussed later in this 
chapter, the increased likelihood of intercurrent illness and medica- 
tion use in an older adult needs to be taken into account when in- 
terpreting any serum glucose level in an older person. 

Older persons with diabetes are a heterogeneous group. While 
90% have type 2 diabetes mellitus (T2DM), these individuals may 
vary from lean to obese, from good general health to having multi- 
ple comorbid conditions, and from being fully functional to having 
major functional disabilities. They may be treated with diet, oral 
hypoglycemic agents, insulin, or a combination of these ap- 
proaches. Some older adults may initially appear to have typical 
T2DM and have significant residual B-cell function at the time of 
diagnosis, but then progress with time to insulin dependency. This 
progression may take months to years before an insulin-deficient 
state develops. Rarely, an older person may present with classical 
autoimmune type | diabetes. Others with type | diabetes mellitus 
(T1DM) survive until old age and become part of the heteroge- 
neous population of elderly diabetic patients. This heterogeneity 
must be taken into account when deciding about treatment goals 
and interventions for a given elderly patient. 


EPIDEMIOLOGY 


Diabetes mellitus is a very common health problem among older 
adults. Nearly half of all patients with T2DM are aged 65 years or 
older.'? The proportion of the U.S. population meeting current 
ADA criteria increases dramatically with advancing age through at 
least the mid-70s (Fig. 24-1), but many are undiagnosed.’ Some 
older diabetes patients are first identified by screening fasting 
plasma glucose (FPG) levels. Oral glucose tolerance tests (OGTTs) 
identify others who do not have elevated FPG but meet the diabetes 
criterion of a 2-hour OGTT glucose level =200 mg/dL, a situation 
known as isolated postchallenge hyperglycemia (IPH). IPH in- 
creases dramatically with advancing age’* and has raised prob- 
lems due to the recent focus on use of fasting glucose levels to 
make the diagnosis. The overall total prevalence of diabetes in peo- 
ple aged 60-74 years is 26%, a rate ten times greater than that seen 
in people under age 40.’ The high prevalence rate of diabetes per- 


sists in populations 70 years of age and older. In addition to the 
high prevalence of diabetes in older adults, 14% of the U.S. popu- 
lation over age 60 meet the ADA criteria for impaired fasting glu- 
cose (IFG) and 20% meet the criteria for impaired glucose toler- 
ance (IGT). Ethnic differences in rates of diabetes appear to apply 
to elderly populations as well, with higher rates in older Hispanic 
and African-American adults than in Caucasians.“ 

While identifying individuals with diabetes in order to initiate 
treatment early is clearly a priority, to be able to protect individuals 
from developing diabetes could also be worthwhile. Total expendi- 
ture of energy during leisure time appears to protect against the de- 
velopment of type 2 diabetes independent of age, obesity, history 
of hypertension, or parental history of diabetes.*° This protective 
effect was not limited to intensive exercise, which may be less sus- 
tainable into older age. Recent findings indicate that lifestyle inter- 
vention including diet and exercise can delay progression from 
IGT to diabetes in middle-aged and older adults.’ 

Given that people over age 85 are the fastest growing segment 
of the population, there is significant growth expected in the popu- 
lation living in institutional long-term care settings. Those living in 
an institutional long-term care setting may carry a diagnosis of dia- 
betes, and there may be special considerations in the treatment of 
diabetes in this population. However, the epidemiology of diabetes 
in this population has not been adequately studied. 

Older adults with T2DM are at increased risk for all of the 
long-term diabetes complications,” as summarized in Table 24-1. 
Observational studies suggest that poor glycemic control in older 
people with diabetes contributes to excessive risk of stroke and car- 
diovascular events.”'° Atherosclerotic macrovascular disease ac- 
counts for 75% of the mortality among people with diabetes in the 
U.S.'' Increased risk for cardiovascular disease is also associated 
with IGT, in the absence of overt diabetes.!*!? Diabetes is the 
major cause of renal failure and dialysis in people over 65 in the 
U.S.'* The risks of end-stage renal disease, loss of vision, myocar- 
dial infarction, stroke, and peripheral vascular disease increase 
with age in the absence of diabetes, but these risks in elderly pa- 
tients with diabetes are even greater (Table 24-1). Because diabetes 
complications are generally viewed as long term, it could be argued 
that such complications are not of concern in someone who is al- 
ready very old. However, even a new diagnosis of diabetes in an 
older person may be preceded by an unknown period of undetected 
hyperglycemia. In addition, the average remaining life expectancy 
for a 65-year-old person is nearly 20 years, and for a 75-year-old 
person over 10 years." 
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E Previously dlagnosed diabetes 
E Newly diagnosed diabetes by FPG 
Newly diagnosed diabetes by OGTT (IPH) 


Percentage of Population 


40-49 50-59 60-74 
Age (years) 
FIGURE 24-1, Prevalence of type 2 diabetes among elderly people accord- 
ing to age and ADA diagnostic criteria (NHANES III). FPG. fasting plasma 


glucose; OGTT, oral glucose tolerance test: IPH, isolated postchallenge hy- 
perglycemia. (Adapted from Harris et al’ and Resnick et al.) 


Diabetic retinopathy is a major cause of visual loss in older 
adults, and even if it does not lead to blindness is associated with 
disability and depression.'©'’ Peripheral neuropathy, due both to 
micro- and macrovascular disease, and peripheral vascular disease 
are particularly prevalent in older age groups. Amputations in- 
crease with age, as do balance problems, mobility impairment, and 
chronic pain related to diabetic nerve disorders.'® Diabetic neu- 
ropathy is common in this population, but the epidemiology is not 
yet sufficiently defined to establish the degree of increased risk. 


MECHANISMS FOR AGE-RELATED CHANGES 
OF CARBOHYDRATE METABOLISM 


Studies of the effects of aging on carbohydrate metabolism have 
been reviewed.'? A major challenge to the interpretation of age- 
related differences in measures of glucose metabolism is that glu- 
cose metabolism is sensitive to a wide range of factors. Thus it may 
be very difficult to specifically define effects of aging that are inde- 
pendent of other factors. As summarized in Fig. 24-2, it is likely 
that there are primary changes in pancreatic B-cell function and 
possibly changes in insulin action with aging that contribute to age- 
related changes in glucose metabolism. It is also likely that there 
are specific genetic factors that may influence the expression of 
glucose intolerance with aging, although such genetic factors have 
yet to be defined. Several studies have attempted to control for the 
other variables that may affect glucose metabolism in studies of 
human aging. Although there are exceptions, these studies suggest 


TABLE 24-1. important Long-Term Complications of Diabetes 
in Older Adults and Their Relative Risk* 


Complication 


Relative Risk 


Macrovascular disease 
Coronary heart disease 
Stroke 
Amputation 

Capillary microangiopathy 
Retinopathy/macular edema 1.44 
Renal disease 

Neuropathy ? 


— KV N 


“Risk compared to people of the same age who do not have diabetes (see reference 8). 


+Relative risk for blindness. 
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FIGURE 24-2. A summary of factors that may contribute to the high rate of 
diabetes mellitus and impaired glucose tolerance among older adults. (Re- 
produced with permission from Diabetes Update: Elderly Patients with 
Non-Insulin Dependent Diabetes Mellitus. The Upjohn Company, 1990.) 


that there is a gradual decline in glucose tolerance with age, both in 
healthy men and women, but that this age effect is relatively mod- 
est in magnitude. Glucose intolerance occurs in older people ac- 
companied by delayed absorption of oral glucose and delayed post- 
hepatic glucose delivery. Greater hyperglycemia in older people 
results from delayed suppression of hepatic glucose output and a 
decreased rate of peripheral glucose uptake following oral glucose 
ingestion.” 

Many studies have been carried out to assess the effects of 
aging on insulin secretion in experimental! animals and in humans. 
A delayed insulin response during an OGTT has been observed in 
some studies. OGTT and hyperglycemic glucose clamp studies 
suggest that gross impairment of pancreatic B-cell function is not 
characteristic of normal human aging.'**! However, clear age- 
related pancreatic B-cell] functional deficits have been demon- 
strated in pulsatile insulin secretion” and with quantitation of the 
potentiating effect of glucose on insulin secretory responses to a 
nonglucose stimulus such as the amino acid arginine.” 

A problem in the interpretation of studies of pancreatic B-cell 
function in aging is the confounding effect of coexistent obesity 
and insulin resistance in elderly people. As described below, a 
number of studies have provided evidence for the presence of in- 
sulin resistance in elderly humans.'? The normal physiologic feed- 
back control mechanism for regulation of glucose homeostasis 
should result in hyperinsulinemia to compensate for the presence 
of insulin resistance if pancreatic B-cell function is completely nor- 
mal. Thus the finding of similar pancreatic B-cell responses to glu- 
cose challenge in old and young subjects may in fact represent a 
relative impairment in B-cell function among the older subjects if 
they are also insulin resistant. When the confounding effects of 
obesity, insulin resistance, and age-related declines in insulin clear- 
ance have been taken into account, diminished pancreatic B-cell 
function is observed in older humans.”* *° 

Many studies have demonstrated resistance to the metabolic 
effects of insulin in aging animals and humans (see reference 19 
for review). Age-related deficits in postreceptor insulin signaling 
have been observed in fat, muscle, and liver. Increased adiposity is 
one factor that contributes to age-related alterations in insulin ac- 
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tion. Several studies of age group differences in humans have at- 
tempted to contro! for the influence of adiposity by including a 
large sample size and multiple measurements of various aspects of 
body fat mass and distribution. Although all of these studies are not 
in full agreement, overall they suggest that there is a persistent ef- 
fect of age on both glucose tolerance and insulin action that is in- 
dependent of body fat mass and distribution in humans.”’-?? How- 
ever, there is heterogeneity among the elderly population. Older 
people who have been selected to meet criteria for normal glucose 
tolerance are less obese with less central adiposity, and did not 
have a detectable decrease of insulin sensitivity”?! independent of 
obesity. 

Aging-associated decreased mobility and diminished physical 
activity may also contribute to age-related changes in glucose 
homeostasis. Healthy older men with greater degrees of physical 
fitness, usually as assessed by measurement of maximal oxygen 
uptake during exercise, have better glucose tolerance and less evi- 
dence of insulin resistance than less active older adults.'*?* More 
physically fit elderly people also tend to have less body fat and less 
central adiposity. While some glucose intolerance appears to per- 
sist with age even when controlling for these factors, the age- 
related change is modest. 

A significant improvement in insulin action has been demon- 
strated in older adults following exercise training.” ™ The reduc- 
tion of insulin resistance accompanying exercise training under 
these circumstances is associated with diminished pancreatic B- 
cell responses to stimulation,” as would be expected from the 
physiology of the feedback control system affecting glucose and 
insulin. This compensation may explain why the improvement of 
insulin action associated with exercise training has generally not 
affected overall glucose tolerance. 

Some groups of people with essential hypertension have asso- 
ciated insulin resistance and glucose intolerance.” Given the high 
prevalence of hypertension among the elderly population, blood 
pressure may be an important variable when trying to understand 
age-related glucose intolerance. However, the degree of association 
between insulin resistance or hyperinsulinemia and hypertension 
has varied considerably in different studies, perhaps related to the 
degree of obesity and the pathophysiology of hypertension in the 
populations.***” In the predominantly Caucasian population of 
the Baltimore Longitudinal Study of Aging, little if any relation- 
ship between hyperinsulinemia and blood pressure was found after 
adjusting for other variables.” 

A number of pharmacologic agents in common use have 
known effects on glucose metabolism. Since older adults are fre- 
quent users of pharmacologic agents, interpretation of alterations of 
glucose metabolism in such individuals must take into account 
drugs that they are using. Table 24-2 includes a list of some of the 
drugs that are known to affect glucose metabolism. Because of the 
association of hypertension with insulin resistance and glucose in- 
tolerance as described previously, effects of antihypertensive agents 
on glucose metabolism have been of particular interest. Though 
none of the drug effects on glucose metabolism seem to be of large 
magnitude, a variety of adverse effects have been documented.” 


INITIAL PRESENTATION OF THE OLDER PATIENT 
WITH DIABETES 


Type 2 diabetes is frequently asymptomatic in older adults. When 
signs or symptoms are present, they may be difficult to interpret in 
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TABLE 24-2. Drugs That May Contribute to Hyperglycemia 


Antihypertensives 

Diuretics 

B-Adrenergic blockers 

& -Agonists 

? Calcium channel blockers 
Antinflammatory agents 

Glucocorticoids 

NSAIDS (nonsteroid anti-inflammatory drugs) 
Others 

Estrogen and progesterone 

Phenytoin 

Pentamidine 

Nicotinic acid 


older people. The atypical presenting symptom or sign may be mis- 
interpreted as the consequence of an illness other than diabetes, or 
may be fully attributed to a condition other than diabetes, when in 
fact diabetes is in part responsible for the sign or symptom. One 
such presenting sign may be unexplained weight loss. While a 
number of etiologies such as malignancy need to be considered, 
substantial weight loss can occur in an older person with marginal 
oral intake in the setting of poorly controlled diabetes. Other atypi- 
cal symptoms in an older person with poorly controlled hyper- 
glycemia include generalized weakness or malaise, anorexia, and 
confusion. 

With the expanded use of blood chemistry screening, the pres- 
ence of hyperglycemia is readily established. More challenging is 
the interpretation of an elevated random serum glucose in an older 
person. One example is the acutely ill hospitalized older person 
who is physiologically stressed. Known interactions between stress 
hormones, insulin secretion, and insulin sensitivity will acutely el- 
evate the serum glucose, which may return to a normal range upon 
resolution of the acute stress.“° As summarized in Table 24-2, med- 
ication use may also complicate the interpretation of hyper- 
glycemia in an older person, as there is an increased likelihood of 
use of multiple medications. 

Urinary incontinence may be confused with hyperglycemia- 
related polyuria. The insensate neuropathic bladder with overflow 
incontinence may be a sign indicating diabetes presenting as neu- 
ropathy. Urinary frequency may be attributed to prostatic hyper- 
trophy, urinary tract infection, or diuretic therapy, when in fact 
these problems are only contributing causes and hyperglycemia is a 
major problem for the patient. 

Since thirst perception may be altered in older people, polydip- 
sia may not occur in response to the increase of osmolality associ- 
ated with hyperglycemia. Even when thirst is appreciated by the 
patient, access to water or other fluids may be limited, especially 
for the older patient with functional dependence on others. In- 
travascular fluid depletion and orthostatic hypotension may result, 
and the patient may present with a history of falling or hyperosmo- 
lar coma. 


COMPREHENSIVE ASSESSMENT OF THE OLDER 
ADULT WITH DIABETES 


Medical care of a geriatric patient should begin with a comprehen- 
sive geriatric assessment. A comprehensive geriatric assessment is 
a multidisciplinary evaluation in which the multiple problems of 
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older persons are uncovered, described, and explained, if possible, 
and in which the resources and strengths of the person are cata- 
logued, need for services assessed, and a coordinated care plan de- 
veloped.*' In this section, consideration will be given to some of 
the physical, mental, social, economic, functional, and environ- 
mental domains requiring special attention.*! 


Functional Status 


The functional assessment of geriatric patients is a critical compo- 
nent of a comprehensive geriatric assessment, and is recommended 
for all older patients.” Older adults with diabetes are about two to 
three times more likely to have physical limitations® and 1.5 times 
more likely to have decrements in activities of daily living (ADL) 
than those without. Much of this excess disability is a direct result 
of complications of diabetes, such as eye disease, increased strokes 
and cardiovascular disease, and increased neuropathy and periph- 
eral vascular disease.*? The assessment of functional status can be- 
gin prior to the physician-patient encounter with a self- or family- 
completed questionnaire. ADL can be further assessed during the 
history and physical examination. It is important that the patient’s 
family or caregiver assist in completing this assessment. 


Cognitive Function 


The older patient with diabetes, like all patients with diabetes, will 
need to maintain control over a variety of aspects of day-to-day life 
that may affect glucose regulation. Maintaining a proper diet, med- 
ication administration, and skin care, for example, require cogni- 
tive skills and reliable memory function. A number of age-related 
deficits in cognition and memory function have been identified, but 
there is a great deal of variability in how an individual’s memory 
and cognition may change. Older individuals will perform tasks re- 
quiring retrieval of newly-learned material from secondary mem- 
ory less well than younger individuals. Older persons will also per- 
form less well when the process requires carrying out two tasks 
concurrently. However, these changes have little effect on ADL. 

When compared with age-matched controls, older subjects 
with T2DM who do not have evidence of a coexisting cognitive 
disorder perform more slowly and less well on complex tasks.” No 
differences were observed between type 2 diabetics and controls in 
the areas of basic attentional processes, short-term memory, and 
semantic memory.“ However, these deficits are relatively minor in 
older people who do not have central nervous system (CNS) 
pathology. Of much greater potential impact in an older person 
with diabetes is coexistence of a major cognitive disorder. The 
prevalence rate of cerebrovascular disease is high in the diabetic 
older population. Alzheimer’s disease is common and may coexist, 
although it is uncertain whether the prevalence is higher or lower in 
people with diabetes.“ Therefore cognition and memory func- 
tion need evaluation in the comprehensive assessment of an older 
patient with diabetes. The possible presence of deficits in the per- 
formance of complex tasks, speed and memory tasks, serial learn- 
ing tasks, and primary CNS pathology need to be assessed. Speed 
of processing and memory function may have implications for ac- 
tivities such as driving, where a problem may not otherwise be 
brought to light until there is an accident. There are a number of 
good screening instruments which have been shown to be valid and 
reproducible in older adults.*” These can be administered quickly 
and highlight deficits. When the deficits are less clear, the perform- 
ance of more complete neuropsychological testing may be indi- 
cated. 


Psychosocial Situation 


With the growing complexity of our day-to-day lives, there may be 
less availability of the extended family, putting many elderly peo- 
ple with diabetes at risk for psychosocial difficulties. The older in- 
dividual’s health can affect their self-esteem, recreational activi- 
ties, social contacts, and family relationships, including contact 
with younger family members. Since the older patient with dia- 
betes and no informal system of support may be at high risk for 
functional decline, delivering quality care can be a substantial chal- 
lenge. When health care is compromised by the home situation, 
entry into an assisted living situation or other institutionalization 
must be considered. 


Diet Maintenance and Access to Food 


One of the cornerstones of working with a patient with diabetes is 
assuring that the patient maintains a proper diet. Specific recom- 
mendations with regard to nutrition and diet for patients with dia- 
betes are presented in Chap. 26. In the older patient with diabetes 
there are some areas of special concern which need to be consid- 
ered, as summarized in Table 24-3. Nutritional needs of elderly pa- 
tients may differ due to a number of factors. Physiologic alterations 
include a decrease in energy needs due to decreased activity. Some 
may experience declining health status, including increased preva- 
lence of chronic disease with poor nutrition, depression, dementia, 
medication-induced anorexia, or feeding dependency. In addition, 
some may be socially isolated, possibly due to the loss of a spouse, 
and find eating alone a problem. 

Although there is little research in the area, no specific modifi- 
cations in the diet currently recommended by the ADA are sug- 
gested for older adults with diabetes. Functional ability and finan- 
cial considerations are important areas that need assessment in the 
older patient with diabetes. In those patients with reduced food ac- 
cess, a network of formal and/or informal support services may be 
available to assist them and needs to be explored. For those 
community-dwelling older adults with diabetes and limited access 
to food, home delivered meals may enhance the likelihood of fol- 
lowing a diabetic diet and reduce “food insecurity” (concern about 
obtaining and preparing food), as well as decrease the frequency of 
being hospitalized for hyper- or hypoglycemia.** A program of 
home delivered meals is available in many communities and should 
be considered a valuable resource. This problem of access to 
proper diet may exist among residents of long-term care facilities. 
Thus residents who are dependent on staff for feeding are at signif- 
icant risk for inadequate dietary intake. 


TABLE 24-3. Dietary Therapy: Special Considerations for Older 
Adults with Diabetes 


Access to food 
Functional disability 
Poor meal preparation skills 
Lack of formal and/or informal support to obtain food 
Limited financial resources 
Food intake 
Decline in taste and smell appreciation 
Poor dentition and/or xerostomia 
Ingrained dietary habits 
Past experience and ethnic food preferences 
Impaired cognitive function 
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Assuming food is available, intake may be reduced because of 
an age-associated decrease in the ability to appreciate taste and 
smell. To the extent that taste influences dietary intake, decreased 
taste may be a contributor to the decreased caloric intake which has 
been reported among older humans. A decline in physical activity, 
particularly common among older people with diabetes,“?*° may 
also play a role in this decreased caloric intake. 

In the institutional long-term care setting, inappropriate or ab- 
sent dietary prescriptions are sometimes found.*! Particularly in an 
institutional long-term care setting, weight maintenance as a goal 
of therapy may be more important for older patients than weight re- 
duction, since low body weight and undernutrition may be more 
prevalent than obesity in this setting. A careful nutritional assess- 
ment on a regular basis of the institutionalized older adult with di- 
abetes is very important in guiding the dietary prescription. 

Adequacy of food intake may also be affected by oral health 
problems in older patients. Tooth loss is common in the older adult 
population, and severe tooth loss limits the foods that are consid- 
ered acceptable. Thus for geriatric patients with diabetes who may 
already be struggling to identify foods that meet their dietary 
needs, tooth loss may further limit their choices. Another concern 
of many older patients with diabetes is dry mouth. It is not clear if 
diabetes per se increases the likelihood of xerostomia, but xerosto- 
mia is common in this population and associated with use of multi- 
ple medications. 


Vision Problems Including Cataracts 
and Retinopathy 


For the older patient with diabetes who may already have func- 
tional deficits, loss of sight may be devastating. Thus proliferative 
retinopathy with possible hemorrhage into the vitreous or macular 
edema are manifestations with potentially disastrous results. Many 
older people with diabetes do not comply with the ADA recom- 
mendation that patients with diabetes have a yearly dilated ophthal- 
moscopic examination.*” Some of the responsibility for not having 
annual examinations rests with health care providers who fail to 
refer patients for examination. The percentage of patients who do 
not undergo annual dilated examinations may be even higher 
among institutionalized elderly people with diabetes. 

Cataracts, macular degeneration, and glaucoma also place the 
older patient with diabetes at increased risk of blindness. Cataracts 
are the most common age-related ocular disorder, and subjects with 
diabetes have a higher rate than those without diabetes. Perfor- 
mance of regular ophthalmologic examinations in the older patient 
with diabetes, given the potential for other functional deficits, is at 
least as important as in a younger patient with diabetes. 


Urinary Continence 


Urinary incontinence is common both among community-dwelling 
elderly people (10-43%) and among those living in institutional 
long-term care settings (36-62%).*° Changes in bladder function 
are very common in patients with diabetes and are characterized by 
some as “diabetic cystopathy.” The noteworthy clinical feature of 
bladder involvement in diabetes is the insidious onset and progres- 
sion of bladder paresis, eventually leading to retention. Urinary re- 
tention with overflow incontinence represents one of the major 
causes of urinary incontinence in geriatric patients. 

In one study in an institutional long-term care setting, involun- 
tary bladder contractions were the presumed contributor to urinary 
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incontinence among 61% of the older patients with diabetes. All p 
tients with urinary retention had poor or no bladder contractions. 
While diabetic cystopathy is one factor contributing to urinary ii 
continence in this population, older patients with diabetes are at ris 
for the other common causes of urinary incontinence: detruss: 
overactivity, outlet incompetence, outlet obstruction, and detrussc 
underactivity. In the patient who is functionally dependent on othe: 
for assistance in transferring from bed to wheelchair or wheelcha. 
to toilet, urinary incontinence may be termed environmental whe 
the necessary assistance is not available. The evaluation of an olde 
adult with diabetes for urinary incontinence should follow guide 
lines for the evaluation of any older adult with urinary inconti 
nence.™* These guidelines differ for community-dwelling elderly a 
compared with those living in an institutional long-term care setting 


Sexual Function and Dysfunction 


Sexual activity can persist well into older adulthood, althougt 
there is a genera] decrease with age. In a survey of 225 elderly male 
veterans in a geriatric ambulatory care clinic 47% of those aged 
>75 years reported absent libido.” Overall this study found sexual 
dysfunction to be related to subjective poor health, diabetes, and 
incontinence. At present little information is available about sexual 
function in older women with diabetes. 

By virtue of age, older men and women are at risk for social 
factors contributing to decreased sexuality. Three social factors 
contribute to whether an older patient remains sexually active. 
First, a patient must feel the desire to do so; second, they must have 
access to a sexually functional partner; and third, they must have 
access to an environment with privacy. Chronic diseases, simple 
demographics, and living with children or in an institutional long- 
term care setting contribute to these social factors. 


Polypharmacy and Drug Interactions 


The older patient with diabetes is likely to have a number of other 
chronic medical conditions which are treated with medications. 
The number of medications prescribed for older patients increases 
with increasing age, both in inpatient and outpatient settings. One 
of the major concerns with the increased number of prescriptions 
per patient is the risk of adverse drug reactions, since the percent- 
age of patients with adverse drug reactions increases exponentially 
with the number of medications taken. Elderly patients with dia- 
betes are at increased risk for adverse drug reactions for a variety of 
reasons: age-related alterations of pharmacokinetics and in some 
cases pharmacodynamics; decreased vision and cognition; periph- 
eral diabetic neuropathy and coexisting arthritis making childproof 
lids unusable; and as mentioned above, the greater likelihood that 
elderly patients are taking multiple medications. Effective methods 
for reducing polypharmacy and improving prescription of medica- 
tions have been demonstrated in both the outpatient and institu- 
tional long-term care settings,°°*” and explicit criteria have been 
developed to identify inappropriate medication use in the institu- 
tional long-term care setting. 


APPROACHES TO THERAPY 


The comprehensive geriatric assessment should provide the infor- 
mation needed to decide upon a therapeutic approach to the older 
patient with diabetes. Such information includes current general 
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health, remaining life expectancy, motivation and commitment of 
the patient and family, finances, and support services. All of these 
factors can have a significant impact on the treatment approach. 


Management of Atherosclerotic Risks 
and Complications 


Reduction in risk factors for atherosclerotic disease is a major goal 
of diabetes management in older adults. A high proportion of older 
diabetes patients have associated hypertension, hyperlipidemia, 
and atherosclerotic arterial disease.’ ©? Although fewer older peo- 
ple smoke cigarettes, smoking cessation programs should be en- 
couraged for those who do. Older diabetes patients have been 
shown to benefit as much or more than nondiabetes patients from 
hypertension treatment.“ Aspirin use is beneficial in older pa- 
tients with diabetes and atherosclerosis risk or atherosclerosis.© 
Treatment of hyperlipidemia in diabetes patients with cardiovascu- 
lar disease has been shown to be beneficial and may decrease mor- 
tality in those who may develop cardiovascular disease; no age 
limit has been defined, although there are limited data available for 
people over age 75. Peripheral vascular occlusive disease and am- 
putations increase with age, so monitoring and evaluation for circu- 
latory problems is indicated. Preventative treatment and monitor- 
ing for complications is not just for those older patients who are 
seriously ill or have advanced dementia. Most older people, even 
those with comorbidities and disability, will benefit from interven- 
tions shown to prevent or slow an increasing burden of illness over 
a period of several years. 


Management of Microvascular Risks 
and Complications 


Treatment with an ACE inhibitor and aggressive management of 
hypertension and hyperglycemia are the major recommended inter- 
ventions for preventing end-stage renal disease due to diabetes.'* 
These interventions are appropriate for the majority of older dia- 
betes patients. Peripheral neuropathy leading to pain, neuropathic 
joints, wounds, mobility problems, and amputations contribute to 
disability and poor quality of life in older patients. The little evi- 
dence that is available suggests that foot care and monitoring may 
be associated with better outcomes. 

Yearly retinal examinations and intervention as appropriate are 
recommended for older people with diabetes. Although simula- 
tions have suggested that few older persons with late-onset dia- 
betes are likely to go blind due to diabetes,® it is important to re- 
member that most older people do not have late-onset diabetes; 
many have had diabetes for 10 years or more and the true duration 
of diabetes is not known for many others. 


Treatment of Hyperglycemia 


There are two general approaches to treatment of hyperglycemia in 
this group of patients: basic care and intensive care. When the goal 
is primarily the prevention of symptoms of hyperglycemia, a basic 
care approach is sufficient. The alternative is intensive care when 
treatment is aimed at achieving ADA guidelines for glucose levels 
as close to euglycemia as possible with the goal of preventing the 
long-term complications of diabetes. Unfortunately, as in other pa- 
tient groups, only a minority of older people with diabetes achieve 
recommended goals for treatment of hyperglycemia,” as illus- 
trated in Fig. 24-3. Nonpharmacologic treatment, oral hypo- 
glycemic agents, and insulin therapy can each play a role in the 
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FIGURE 24-3. Percentage of patients in NHANES II] who did not achieve 
the level of hemoglobin A. (HbA,.) recommended by the American Dia- 
betes Association (HbA, < 7%). Patients were analyzed by age group and 
according to whether their HbA,, was in the range at which the ADA rec- 
ommends therapeutic action (>8%) or not (7-8%). (Adapted from Shorr 
RI, et al., 2000°). 


management of the older adult with diabetes, whether the treatment 
goal is control of symptoms of hyperglycemia or achievement of 
euglycemia. 

The prevention of symptomatic hyperglycemia by delivering 
basic care includes the prevention of glycosuria and associated in- 
travascular volume depletion. Glycosuria may result in urinary in- 
continence, and intravascular depletion may result in hyper- 
glycemic hyperosmolar nonketotic coma, the most severe acute 
complication of diabetes in an older adult. Glycosuria may also re- 
sult in weight loss due to calorie loss in the urine. The resultant 
catabolic state can lead to excess protein breakdown and the loss of 
lean body tissue. The goal of prevention of symptoms of hyper- 
glycemia can be accomplished and glycosuria minimized by main- 
taining a serum glucose averaging about 200 mg/dL. 

The decision about goals of treatment in the older adult with 
diabetes is critical to planning the management of hyperglycemia 
in an individual patient. This decision may be made with the pa- 
tient alone. However, when comprehensive geriatric assessment in- 
dicates that the patient may need assistance, others may need to be 
involved in the decisionmaking process. A primary caregiver or 
other responsible party along with consultants may be needed to 
clarify the patient’s condition. 


Education 

Education is an important component in the management of an 
older patient with diabetes. Short-term diabetes education program 
sessions can increase patient knowledge, reduce stress, improve diet, 
and enhance quality of life. When a spouse is involved there is 
greater improvement in knowledge, less patient stress and better 
glycemic control.® The Colorado Diabetes Control Program was 
able to document an improved level of patient care anda significantly 
reduced length of hospital stay for patients with diabetes who were 
admitted to an acute care hospital following a 2-year educational in- 
tervention. Care of the older adult with diabetes in an institutional 
long-term care setting can be made easier and may be more effective 
with an educational intervention aimed at the patient care staff. 


Diet 

Dietary therapy is a basic building block of therapy for the 
older adult with diabetes. There is no evidence to suggest that di- 
etary therapy is more or less effective in older adults with diabetes 
than younger ones. Dietary restriction and weight loss should help 
the older adult with diabetes achieve better control of the hyper- 
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glycemia, but caution is indicated. If functional restrictions prevent 
the older adult with diabetes from increasing caloric expenditure 
during dietary restriction, weight loss may be more difficult to 
achieve. In this situation, caloric restriction sufficient to cause 
weight reduction may be severe enough to put the patient at risk for 
nutrient or vitamin deficiencies, thereby potentially exacerbating 
functional limitations by reducing muscle strength. 

The general dietary recommendations for patients with dia- 
betes are discussed in Chap. 26. There are no specific alterations to 
the recommended diet for treatment of older adults, but there is a 
lack of studies in the area. The ability of an older adult with dia- 
betes to follow a therapeutic diet may be limited by circumstances 
discussed earlier, such as physical limitations in obtaining food, fi- 
nancial limitations, alterations in taste and smell, and ingrained 
lifelong dietary habits which may be further complicated by ethnic 
food preferences. A dietician experienced in working with older 
adults can be of great help. 


Exercise 

The beneficial effect of progressive resistance exercise on 
muscle strength and function is clear even among the elderly.’° 
Exercise would be expected to result in improved physical func- 
tioning in resistance-trained older adults with type 2 diabetes. As 
summarized in Table 24-4, in addition to improved physical func- 
tioning, benefits of exercise may be in two areas: direct effects on 
glucose metabolism, and effects on other common comorbidities 
in patients with T2DM. Although large-scale studies in older 
adults with T2DM are not yet available, lower fasting plasma glu- 
cose and glycosylated hemoglobin, improved oral and intra- 
venous glucose tolerance, and enhancement of insulin action may 
be seen in older adults with T2DM on a regular exercise pro- 
gram.”! 

Exercise may also offer substantial reduction of risk for the de- 
velopment of cardiovascular disease. However, there are also some 
potential problems and risks in prescribing exercise for an older 
adult with diabetes. One study found that 81% of a population of 
older men with newly diagnosed diabetes were unable to partici- 
pate in an exercise program due to medical treatment or comorbid 
diseases.” Despite the potential benefits of exercise in the older 
adult with diabetes, it may not be prescribed by health care 
providers. For example, highly experienced nurse providers of 


TABLE 24-4. Potential Benefits and Risks of Exercise for Older 
Adults with Diabetes 


Benefits Risks 


Diabetes-Related 
Improved glucose tolerance and 


Diabetes-Related 
Hypoglycemia. exercise-induced 


increased insulin sensitivity and delayed 
Decreased central and overall 

adiposity 
General Health General Health 


Increased maximal oxygen Sudden cardiac death 
consumption 

Decreased blood pressure 

Improved physical function and 
increased muscle strength 

Improved lipid profile 

Increased bone mineral content 

Improved self-image 


Musculoskeletal injuries 
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health care to older adults with diabetes reported not teachin 
clients about exercise. This was due to lack of resources, lack « 
specific knowledge about exercise, and a negative perception abot 
their patients’ ability to exercise.”* The general approach to the us 
of exercise in patients with diabetes is discussed in Chap. 27. 


Pharmacologic Intervention 

There are some special considerations in the older adult wit 
diabetes when nonpharmacologic treatment has been unsuccessft 
in controlling glucose levels and the addition of an oral hypo 
glycemic agent or insulin is being considered. Of these the risk o 
hypoglycemia is the most serious. 


Oral Hypoglycemic Agents 

The efficacy and mechanism of action of oral hypoglycemi: 
agents are discussed in detail in Chap. 32. There are no data tc 
suggest that the efficacy or mechanism of action of these drugs art 
different in the older adult with diabetes than in younger patients 
Safety and efficacy studies of all the newer agents have includec 
older adults. Studies of combination oral agent therapy have alsc 
included older patients and have demonstrated both safety and ef: 
ficacy.’*7° Although the rate of severe hypoglycemia appears tc 
be low in older people with diabetes, age is an independent risk 
factor for hypoglycemia during oral agent therapy.” This may be 
related in part to an age-associated decrease in hepatic oxidative 
metabolism. Combined with the apparent decrease in hepatic 
blood flow with age, the metabolism of some oral agents may de- 
cline in older patients with diabetes, requiring use of lower 
dosages. The decline of renal function with age may prolong the 
duration of action of oral hypoglycemic agents excreted by the 
kidneys. 

The presence of coexisting disease may decrease serum albu- 
min in an older patient, thereby influencing bioavailability of drugs 
that are protein-bound. Polypharmacy and the potential for drug- 
drug interactions need to be taken into account when prescribing 
oral hypoglycemic agents for the older adult with diabetes. Though 
each medication should be reviewed for potential interaction with 
the oral hypoglycemic agent being used, there are some general 
classes of medications that may increase the risk for hypo- 
glycemia: B-adrenergic blockers, salicylates, warfarin, sulfon- 
amides, and alcohol. The longer acting sulfonylureas are reported 
to cause the greatest number of hypoglycemic episodes in older 
adults, including prolonged hypoglycemia.” 


Insulin 

The use of insulin therapy can be as appropriate in the older adult 
with diabetes as in a younger individual. Failure of maximal oral hy- 
poglycemic therapy to achieve the treatment goal is the most com- 
mon reason to consider insulin therapy in the older adult with dia- 
betes. No studies have shown that insulin therapy is any less effective 
or more risky in older adults with diabetes than in the young. When 
the treatment goal is control of symptomatic hyperglycemia, a single 
daily dose of insulin may be adequate. However, when the goal is eu- 
glycemia, a split regimen of mixed insulin will likely be necessary 
and is tolerated well by older adults.”” No special insulin regimens 
have been identified as more or less efficacious in treating older adults 
(see Chap. 30 for intensive insulin therapy recommendations in 
T2DM). 

There are some special considerations when prescribing in- 
sulin therapy for an older adult with diabetes. A comprehensive 
geriatric assessment of the older adult with diabetes as discussed 
earlier in this chapter should identify which, if any, of these special 
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considerations apply to each patient. Coexisting conditions com- 
monly found in older adults combined with complications second- 
ary to diabetes may impair the visual, fine motor, cognitive and/or 
sensory skills necessary for the delivery of insulin therapy and 
home blood glucose monitoring. Home blood glucose monitoring 
is important for any older patient treated with insulin. 


Hypoglycemia 

Since older people with diabetes mellitus receiving pharmaco- 
logic treatment are at risk for hypoglycemia, information about hy- 
poglycemia recognition, prevention, and management should be 
part of their diabetes education program. Studies of hypoglycemia 
counterregulation under controlled conditions in carefully defined 
populations of normal older adults and older adults with T2DM 
have demonstrated some subtle alterations of neuroendocrine func- 
tion,®**? but these are unlikely to be of sufficient magnitude to 
limit the ability to counterregulate hypoglycemia. Effects of hypo- 
glycemia on autonomic symptoms and cognitive function are also 
minimal in such patients, although a mild impairment of reaction 
times during hypoglycemia has been observed in older type 2 dia- 
betes patients.*' 

Thus otherwise healthy older adults can tolerate hypoglycemia 
reasonably well and mount an appropriate counterregulatory re- 
sponse. However, older patients with coexisting conditions may 
have greater risk. Older diabetic patients with autonomic neuropa- 
thy or with other neurologic disorders that affect autonomic nerv- 
ous system function may be less able to counterregulate appropri- 
ately, or may develop symptoms requiring corrective action. While 
many antihypertensive drugs affect autonomic nervous system 
function and could therefore interfere with counterregulation of hy- 
poglycemia, no increased risk of severe hypoglycemia was ob- 
served with antihypertensive drug use in a population study. 

Older individuals with a significant cognitive disorder, poor or 
irregular nutrition, or those who are prescribed sedating agents or 
frequently use alcohol may be unable to recognize symptoms of 
hypoglycemia, or may have an impaired ability to initiate the feed- 
ing response to hypoglycemia. The presence of coexisting kidney 
or liver dysfunction in an older person contributes to the risk of hy- 
poglycemia by reducing the clearance of insulin or oral hypo- 
glycemic agents. The concomitant use of other medications may 
contribute to increased risk for hypoglycemia or impaired counter- 
regulation in such individuals. The social setting of the patient may 
also increase the risk for severe hypoglycemia or its sequelae. Thus 
the identification of risk factors for hypoglycemia should be part of 
the comprehensive geriatric evaluation. 


Older Patients in Institutionalized Long-Term Care 

Diabetes is prevalent among the institutionalized long-term 
care population. Since life expectancy is limited for many patients 
admitted to long-term care institutions, basic diabetes care aimed at 
controlling symptoms of hyperglycemia is often the appropriate 
goal. Maintenance of good nutrition is important for institutional- 
ized patients. Each patient should be assessed by a dietician at the 
time of admission and on a regular basis thereafter, because ag- 
gressive nutritional support may be needed to treat or avoid malnu- 
trition. For the minority of institutionalized patients who are over- 
weight, it may be necessary to decrease their caloric intake. For 
patients receiving pharmacologic therapy, dosage reduction at the 
time of admission should be considered to prevent hypoglycemia, 
because the resident may receive all scheduled medications and a 
tightly controlled institutional diet. Thus a regimen which may 


have appeared inadequate at home due to poor patient compliance 
may be more effective in the institutional setting. 

A frail institutionalized older adult with diabetes may benefit 
from an exercise program that reduces physical disability,’ even if 
the exercise program is not sufficient to affect glucose levels. Con- 
sideration should be given for an exercise program for each patient 
and the final decision based on information from all appropriate 
practitioners of the institution’s multidisciplinary assessment team. 

With regard to pharmacologic treatment, oral hypoglycemic 
agents or a single dose of mixed insulin will often be adequate to 
achieve the basic treatment goal of preventing symptomatic hyper- 
glycemia. Insulin will be required in some patients when there is an 
intolerance or contraindication to oral hypoglycemics, such as 
acute medical illness or renal or hepatic insufficiency. The monitor- 
ing of fingerstick glucose levels by staff in this setting can be a sig- 
nificant aid to the treating physician. 


Older Patients in the Acute Care Hospital 

The management of diabetes in the hospitalized older adult is, 
with a few precautions, not very different from managing diabetes 
in a hospitalized younger adult. The major precautions include an 
awareness that functional, cognitive, and pharmacokinetic or phar- 
macodynamic changes may place older patients at increased risk 
for complications. Therapy for the older patient with diabetes dur- 
ing an acute care hospital admission should emphasize delivering 
an adequate amount of insulin to prevent the patient from becom- 
ing catabolic. To maintain adequate glucose control, some hospital- 
ized older patients with diabetes may need to have insulin added 
temporarily, despite being adequately controlled at home on diet or 
oral agents. Therapy needs to be monitored closely to avoid hypo- 
glycemia. Management of hyperosmolar, hyperglycemic nonke- 
totic coma, which occurs primarily in older adults, is discussed in 
Chap. 35. It emphasizes the importance of fluid and electrolyte re- 
placement, provision of insulin, and treatment of the underlying 
major illness which is usually present. 
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CHAPTER 25 


Diabetes Secondary to Endocrinopathies 


Om P. Ganda 
Eric S. Bachman 


A number of endocrine disorders are associated with varying de- 
grees of glucose intolerance (Table 25-1). In most instances, the 
excess of a counterregulatory hormone (such as growth hormone, 
cortisol, epinephrine, or glucagon) is manifested by a distinct clin- 
ical syndrome associated with hyperglycemia or glucose intoler- 
ance. However, overt diabetes with symptomatic hyperglycemia, 
glycosuria, and ketosis secondary to an endocrinopathy is a rela- 
tively uncommon event, unless an underlying genetic diabetic 
diathesis is also present. Because of various beta-cell regulatory 
mechanisms,’ endocrine factors potentially capable of disrupting 
glucose homeostasis in normal humans are offset primarily by ap- 
propriate increments and other adjustments of insulin secretion. 
The net outcome of the metabolic effects of an endocrinopathy 
in producing glucose intolerance is, therefore, usually dependent 
on its direct or indirect impact on one or more of the following: 
(1) insulin sensitivity (hepatic glucose production and/or periph- 
eral glucose utilization); (2) insulin secretion (direct inhibition or 
compensatory hyperinsulinism); (3) unmasking of genetic dia- 
betes; or (4) a familial polyendocrine disorder with a common un- 
derlying mechanism, such as a genetic mechanism (multiple en- 
docrine neoplasia syndromes) and/or autoimmune factors. This 
chapter deals with the pathophysiology of glucose intolerance and 
related metabolic derangements associated with various types of 
endocrine disorders. The role of counterregulatory hormones in the 
pathogenesis and complications of genetic diabetes has been pre- 
sented elsewhere. 


DISORDERS OF GROWTH 
HORMONE SECRETION 


A relation between the anterior pituitary gland and diabetes melli- 
tus was first shown in the classic experiments by Houssay? and 
by Young? using crude pituitary extracts. Subsequently, it was 
demonstrated that the administration of human growth hormone 
resulted in a marked deterioration of metabolic control in patients 
with diabetes.“ 


Secretion and Actions of Growth Hormone 


Human growth hormone (GH) is secreted as a single strand of 191 
amino acids sharing marked structural homology with placental 
lactogen and prolactin. A number of physiologic factors affect the 
secretion of GH in a healthy person.” The stimuli for the release 


of GH include sleep, muscular exercise, stress, hypoglycemia, anc 
amino acids, whereas hyperglycemia is a potent suppressor of it: 
release under normal circumstances. 

GH has diverse metabolic effects on carbohydrate, protein, anc 
lipid metabolism.*’ Evidence indicates that GH contains multiple 
domains that determine its growth-promoting, diabetogenic, anc 
insulin-like activities. For example, the carboxy-terminal se- 
quences 44 to 191 and 182 to 191 were shown to induce hyper- 
glycemia and insulin resistance in animal models,*? whereas the 
amino-terminal sequences 32 to 46 and 8 to 13 within the paren! 
molecule have insulin-like actions.*"'° Employing a human forearm 
technique in a series of elegant experiments, Zierler and Rabi- 
nowitz showed the diabetogenic effects of acute increments of GH 
to occur via (1) an inhibition of glucose uptake by the skeletal 
muscle and the adipose tissue and (2) an augmentation of lipoly- 
sis.'' Whether a significant lipolytic effect is seen during physio- 
logic circumstances in normal individuals has not always been 
confirmed.*'? With regard to in vivo glucose tolerance, supraphys- 
iologic increments in circulating GH (30 to 40 ng/mL) were shown 
to result in an early but transient insulin-like effect consisting of a 
diminished glucose production and an enhanced peripheral glucose 
clearance; however, this was subsequently followed by a delayed 
insulin-antagonistic effect leading to hyperglycemia.'* In normal 
human subjects, several studies employing human pituitary growth 
hormone'*'* or recombinant DNA-derived human growth hor- 
mone administration, over a period of hours to days, reported 
the development of insulin resistance. In none of these studies was 
the degree of insulin resistance explained by changes in insulin 
receptor binding on monocytes, suggesting a postreceptor mecha- 
nism. Chronic administration of GH resulting in permanent dia- 
betes in dogs is accompanied by eventual exhaustion of pancreatic 
beta cells.'” 

Up to 50% of GH is bound to growth hormone binding pro- 
teins (GHBP).'*'? The high-affinity GHBP has been found to cor- 
respond to the extracellular domain of the GH receptor. Although 
GHBP thus provides an indirect estimate of tissue GH responsive- 
hess in general, there may be some exceptions to this relation- 
ship.'? Considerable evidence exists that many of the metabolic 
and growth-promoting effects of GH are mediated via the genera- 
tion of a family of growth factors or somatomedins, produced by 
the liver in response to this hormone.*’”” The most prominent 
among these is insulin-like growth factor I] (IGF-I). In contrast, 
there is also evidence that at least some of the effects of GH may 
be elicited by the physiologic concentrations of GH directly and 
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TABLE 25-1. Certain Endocrinopathies Associated 
with Glucose Intolerance 


Disorders of growth hormone secretion 

Growth hormone excess (acromegaly) 

Growth hormone deficiency (sexual ateliotic dwarfism) 
Hyperprolactinemic states 

Glucocorticoid excess (Cushing's syndrome) 
Catecholamine excess (pheochromocytoma) 

Primary hyperaldosteronism 

Hyperthyroidism 

Disorders of calcium and/or phosphorus metabolism 
Tumors of endocrine pancreas or gut 

Glucagonoma 

Somatostatinoma 

Gastrinoma (Zollinger—Ellison syndrome) 

Pancreatic cholera syndrome (Verner—-Morrison syndrome) 
Carcinoid syndrome 

Multiple endocrine neoplasia (MEN) 


independent of somatomedin generation.”! This view is further sup- 
ported by the demonstration of the receptors for growth hormone 
in a variety of cell types including cultured human lymphocytes. 


Acromegaly 


The prevalence of glucose intolerance in acromegaly is about 50 to 
60 percent, although symptomatic diabetes requiring treatment has 
been observed only in 10 to 30% of all patients.” f Even more 
frequent than glucose intolerance is a striking increase in serum in- 
sulin concentrations and decrease in insulin sensitivity to both en- 
dogenous and exogenous insulin that accompanies the GH excess 
in acromegaly. Defects in both hepatic and peripheral insulin ac- 
tion have been described, using insulin clamp studies.” GH levels 
correlate poorly with both the degree of glucose intolerance and the 
hyperinsulinemia; a better correlation of disease activity. including 
glucose intolerance, is found with the serum concentrations of 
IGF-I or IGF-binding protein 3 (IGFBP-3) levels.7**? Muggeo and 
associates? showed a decreased concentration of insulin receptors 
on circulating monocytes and an inverse correlation of receptor 
concentration with the basal plasma insulin level in acromegaly. 
However, in most studies, there was no significant alteration in in- 
sulin receptor binding, probably explained by reciprocal changes in 
receptor affinity.” In some patients with acromegaly, the failure of 
the compensatory increase in receptor affinity may explain the 
development of hyperglycemia,’ ' although insulin dose-response 
studies in such patients suggest a postreceptor defect in insulin ac- 
tion.” The precise nature of the GH-induced postreceptor defect 
leading to inhibition of glucose transport across cell membrane 
remains unknown. 

In contrast to the majority of patients with acromegaly who 
have hyperinsulinemia and impaired glucose tolerance, those 
with overt diabetes with or without ketosis clearly have a sub- 
normal insulin reserve, suggesting an underlying genetic diabetic 
trait. Studies with somatostatin infusions in the human have pro- 
vided evidence that growth hormone has significant effects on 
lipolysis or ketogenesis mainly in the presence of significant in- 
sulin deficiency.” ? 

Successful treatment of acromegaly is accompanied by strik- 
ing improvement in glucose tolerance and restoration of normal 
serum insulin levels and normalization of insulin sensitivity in the 


majority of patients with impaired glucose tolerance but infre- 
quently so in those with overt, symptomatic diabetes.™ 4> Lack 
of a complete remission in many patients may be due to incomplete 
cure of acromegaly, defined as suppression of GH to less than 
2.5 ng/mL or to less than 1 ng/mL after oral glucose, using newer, 
ultra-sensitive assays.” The increase in mortality rate in acrome- 
galy may persist unless GH levels are suppressed to near-normal 
range.*°* 7 Moreover, glucose intolerance and hypertension are in- 
dependent determinants of acromegalic cardiomyopathy.** 

The long-acting somatostatin analog, octreotide, has been 
shown to be a useful adjunct in the treatment of acromegaly. In 
large, multicenter trials of 58 and 103 patients, lasting up to 
30 months,” most of whom had been previously treated with 
surgery or radiotherapy, treatment with octreotide for more than 
6 months resulted in substantial improvement in about 65% of pa- 
tients. However, biochemical cure, defined by GH less than 
5 ng/mL and normal IGF-I occurred in about 50 percent of pa- 
tients, and only 20 to 40 percent of patients fulfilled the more strin- 
gent criterion of GH suppression to less than 2ng/mL in both of 
these large series of patients.” 

Regarding the effects of octreotide therapy on glucose toler- 
ance, the results from various reports indicate a mixed outcome, 
depending on the baseline metabolic status.” On the one hand, in 
patients with overt diabetes or IGT, significant improvement in glu- 
cose tolerance or normalization of diabetes may result after several 
weeks of treatment. Impressive decreases in insulin requirements 
among the diabetic subjects within the largest, randomized, multi- 
center trial were observed.” Normalization of GH and IGF-I were 
associated with improvements in insulin sensitivity and greater 
suppression of hepatic glucose output (HGO) as determined by the 
euglycemic-hyperinsulinemic clamp technique, whereas peripheral 
glucose disposal was not affected.*! On the other hand, in patients 
with normal or minimally impaired glucose tolerance, treatment 
with octreotide resulted in either slight improvement, no change, or 
even a worsening of glucose tolerance, despite improvements in 
GH and IGF-I levels.”°?°"? Thus, an adverse outcome in glucose 
homeostasis may be seen in some nondiabetic acromegalic patients 
following treatment with octreotide, depending on baseline charac- 
teristics such as B-cell reserve and degree of insulin resistance. Fi- 
nally, long-term octreotide therapy may result in other side affects, 
the most important of which is the 40 to 50 percent incidence of 
cholelithiasis and/or biliary sludge.“ 

Recently, results with longer-acting somatostatin analogs 
(Octreotide LAR and Lanreotide) have shown comparable de- 
creases in GH and IGF-I levels but the long-term effects on glucose 
homeostasis with these agents are awaited. Similarly, impressive 
short-term clinical outcome data with a growth hormone receptor 
antagonist, Pegvisomant, in a large series of patients with acromegaly 
were reported recently.” The effects of this novel approach on glu- 
cose intolerance will also be of interest. 


Diabetes Associated with Growth 
Hormone Deficiency 


The presence of diabetes in the setting of GH-deficient dwarfs 
presents an interesting paradox. However, it has been known for a 
number of years that exogenous administration of GH to both 
normal and hypopituitary subjects augments the insulin response to 
a variety of secretagogues before a significant change in blood 
glucose occurs.’ Martin and Gagliardino” showed a B-cytotropic 
effect of GH on isolated pancreatic islets of rat in vitro. Similarly, 
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some workers have shown direct effects of GH on islet B-cell repli- 
cation in neonatal rat islet monolayer cultures.*° 

The majority of adult sexual ateliotic dwarfs with monotropic 
GH deficiency studied by Merimee and coworkers, showed evi- 
dence of a mild to moderately severe glucose intolerance and 
insulin deficiency.” In addition, GH deficiency may promote vis- 
ceral obesity, and in turn reduce insulin action as well (see Chapter 
XXXXXXxX). Interestingly, after 10 years of follow-up, there was no 
evidence of diabetic microangiopathy in these dwarfs, despite 
worsening of glucose intolerance.* On the one hand, these obser- 
vations support the concept of a permissive role of GH in the 
pathogenesis of diabetic vascular disease. On the other hand, the 
incidence and severity of microangiopathy in patients with 
acromegaly with a striking increase of ambient GH concentrations 
does not appear to be increased and may indeed be significantly 
lower than in patients with genetic diabetes. Further studies on 
groups of patients well matched for the degree and duration of 
hyperglycemia are required to settle this question. 

A number of long-term follow-up studies in adult patients with 
hypopituitarism have suggested an increased cardiovascular mor- 
tality even after replacement of other hormones.*’ This has been 
partly ascribed to an atherogenic lipid profile, visceral adiposity, 
and insulin resistance in such patients. Administration of GH in 
such patients may restore, although not normalize the cardiovascu- 
lar risk profile.*’ Short-term studies with GH therapy over 12 to 
30 months have also reported adverse effects on glucose tolerance 
and insulin sensitivity in hypopituitary adults.°'** Retinal changes, 
mimicking diabetic retinopathy, were reported in two non-diabetic 
patients after 14 to 17 months of treatment with GH.” However, 
only 12 cases of overt diabetes were reported among 8136 GH- 
treated children. 

GH is currently being proposed by some as therapeutic agent 
for several indications (e.g., preservation of lean body mass during 
aging, HIV-related disorders, prolonged illness, osteoporosis, en- 
hancing tissue repair following surgery or trauma, and stimulation 
of muscle mass in athletes). Besides its potential for diabetogenic 
effects, other long-term risks of GH therapy need to be studied be- 
fore specific recommendations can be made.*” 


Hyperprolactinemia 


GH and prolactin share considerable structural homology. A role of 
prolactin in the pathogenesis of a human diabetogenic syndrome 
was suggested by the studies of Landgraf and colleagues.*° These 
investigators studied the blood glucose and insulin levels during oral 
glucose tolerance tests in 26 patients with prolactin-secreting pitu- 
itary tumors. The basal glucose and insulin levels were similar to 
control subjects despite chronic, endogenous hyperprolactinemia; 
however, glucose tolerance was significantly impaired and was ac- 
companied by a relative peripheral insulin insensitivity as reflected 
by the associated hyperinsulinemia. Both glucose intolerance and 
hyperinsulinism improved after suppression of prolactin release fol- 
lowing treatment with bromocriptine. In a study of nine patients 
with amenorrhea-galactorrhea syndrome and hyperprolactinemia, 
mildly abnormal glucose tolerance and elevated insulin levels were 
found.” On the other hand, the 24-hour plasma prolactin pattern in a 
group of relatively stable, insulin-dependent (juvenile) diabetics 
was found to be identical to that in normal controls,” suggesting 
a normal regulation of prolactin secretion in such diabetics. In 
contrast, elevated plasma concentrations of prolactin have been re- 
ported in diabetics in ketoacidosis,” a finding not confirmed by oth- 
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ers, even after stimulation with TRH. Further studies are clearly 
required in the delineation of metabolic aberrations, if any, associ- 
ated with the syndrome of prolactin excess. 


Cushing’s Syndrome 


It has been known for a long time that glucocorticoids antagonize 
the actions of insulin. The spectrum of insulin insensitivity in pa- 
tients with Cushing’s syndrome and the insulin hypersensitivity in 
Addison’s disease is clinically well recognized. Cahill®’ has re- 
viewed extensive evidence for the diverse metabolic actions of 
glucocorticoids on liver, adipose tissue, and muscle. 

In the liver, glucocorticoids appear to accelerate the biochemi- 
cal actions at every rate-limiting step in the sequence of events 
leading to gluconeogenesis.*'*? Some of these crucial loci are 
(1) hepatic uptake of amino acids, (2) activation of pyruvate car- 
boxylase in generating pyruvate from amino acid precursors, and 
(3) activation of phosphoenolpyruvate carboxykinase, the unidi- 
rectional rate-limiting enzyme in the initiation of the cascade of 
glucogenesis from pyruvate. Glucocorticoids, paradoxically, stim- 
ulate glycogen deposition and in this respect resemble the action 
of insulin; in fact, some evidence suggests that the glycogen- 
synthesizing effect of glucocorticoids may be mediated via insulin, 
rather than a direct steroid effect. At the level of adipose tissue and 
muscle, the main effect of glucocorticoids involves an antagonism 
of insulin-induced glucose transport by multiple mechanisms in- 
cluding a decrease in insulin-receptor affinity, as well as a defect 
in insulin-receptor signaling.°*-™ In addition, glucocorticoids ap- 
pear to exert a permissive effect on lipolysis by promoting the acti- 
vation of cAMP-dependent, hormone-sensitive lipase in the adipose 
tissue of several species. However, the net clinical effect of gluco- 
corticoid excess in humans is generally not fat mobilization but a 
relocation of fat depots, resulting in typical truncal obesity. Recent 
studies have suggested differential effects of glucocorticoids on adi- 
pose tissue of omental versus subcutaneous regions.® In these stud- 
ies, both the glucocorticoid receptor binding and the LPL activity 
were two- to fourfold higher in the omental adipose tissue. Several 
in vitro studies have shown an augmentation of proteolysis in skele- 
tal muscle and perhaps a decreased incorporation of amino acids in 
the muscle protein. A shift in muscle fiber composition from type I 
to type IIb has been described in patients with Cushing’s syn- 
drome.® Finally, glucocorticoids may have a direct effect on insulin 
release by inhibition of Ca?* * -induced exocytosis.°” 

In normal humans, short-term increments of plasma cortisol 
within the ranges up to those seen in moderate stress situations re- 
sult in a mild increase of glucose levels secondary to both hepatic 
and extrahepatic effects, as well as in a significant increase in blood 
ketone and branched-chain amino acid levels.® These changes 
were accompanied by no significant alterations in insulin receptors, 
supporting a role for postreceptor mechanisms underlying the de- 
crease in insulin sensitivity. However, the hyperglycemic effects of 
chronic administration of glucocorticoids in normal subjects with 
an intact islet reserve are partially compensated for by secondary 
changes in insulin release, so that the net effects observed on glu- 
cose levels may be minimal or moderate. The spectrum of glucose 
intolerance in a patient with Cushing’s syndrome is therefore 
largely dependent upon the endogenous beta-cell reserve, similar 
to the situation in acromegaly. Glucose intolerance in Cushing’s 
syndrome has been reported to be present in 75 to 80 percent of 
patients, although overt diabetes occurs in about 10 to 15 percent of 
all patients. Nearly all patients manifest basal and stimulated 
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hyperinsulinemia and insulin insensitivity. The diabetogenic effect 
in glucocorticoid-excess states also involves a stimulation of 
glucagon secretin. Glucocorticoid administration in normal volun- 
teers over 3 to 4 days®”’”” was shown to induce an augmented alpha- 
cell responsiveness both in the basal state and following protein 
ingestion or amino acid infusion. This effect may be mediated indi- 
rectly via hyperaminoacidemia brought about by augmented prote- 
olysis and, perhaps by other factors, such as decreased islet glucose 
utilization, or a direct effect of the steroid upon the alpha cell. 


Pheochromocytoma 


Catecholamines, acting via adrenergic receptors, produce their ef- 
fects on islet secretion and in several loci of intermediary metabo- 
lism.”! The classical effect of epinephrine (E) in enhancing hepatic 
glucose output via glycogenolysis results primarily via B.. adrener- 
gic stimulation of adenylcyclase and cAMP release. In addition, 
E stimulates glycogenolysis also by an a-adrenergic, Ca” *-depen- 
dent but cAMP-independent mechanism.” On the other hand, 
stimulation of adipose tissue lipolysis and muscle glycogenolysis is 
mediated by B-adrenergic mechanisms.” In vitro studies performed 
by Garber and associates”? have revealed a significant inhibition of 
the release of gluconeogenic amino acids (alanine and glutamine) in 
response to B-adrenergic agonists. Moreover, recent studies with E 
infusions in normal humans achieving physiologic concentrations 
in the range of 350 to 400 pg/mL revealed a significant decline in 
circulating amino acids (particularly branched-chain), which was 
preventable by the B-adrenergic antagonist propranolol. The signif- 
icance of these effects of catecholamines on muscle protein balance 
requires further elucidation. 

Studies in normal subjects receiving physiologic infusions of E 
have shown only a transient stimulation of hepatic glucose output 
and a sustained inhibition of peripheral glucose uptake.”* The latter 
effect is mediated via a B-adrenergic stimulation in muscle. Norep- 
inephrine was found to have much less pronounced direct hyper- 
glycemic effects, and the effects of epinephrine were not mediated 
via glucagon hypersecretion.” 

A number of studies have been performed to study the adrener- 
gic regulation of islet hormone secretion. Robertson and co- 
workers”? provided evidence for inhibition of basal insulin secretion 
by a-adrenergic stimulation or by B-adrenergic blockade. In addi- 
tion, they postulated that an excessive endogenous a-adrenergic 
activity may contribute to the defective glucose-stimulated insulin 
secretion in type 2 diabetes. However, the role of catecholamines in 
the physiologic regulation of insulin secretion and in the pathogen- 
esis of diabetes remains controversial. Recently, a 29-amino-acid 


polypeptide, galanin, was proposed as an important mediator of 
sympathetic neural activation in the endocrine pancreas.” How- 
ever, its effects may be restricted to nonprimates. Regarding the 
pancreatic œ cell, both a- and B-adrenergic stimulation have been 
shown to augment glucagon secretion, although the relative impor- 
tance of a- and B-sympathetic versus the parasympathetic tone in 
maintaining basal glucagon release remains uncertain.” 

In patients with pheochromocytoma, fasting glucose at or 
higher than 126 mg/dL was reported in about 30% of patients”? 
from multiple mechanisms, including (1) an inhibition of insulin 
secretion, (2) stimulation of hepatic and muscle glycogenolysis and 
hepatic glucose output, and (3) enhanced lipolysis. In animals epi- 
nephrine has been shown to decrease the transcription of the glu- 
cose transporter 4 (GLUT-4) gene.”” Administration of a-adrener- 
gic blocking agents, such as phenoxybenzamine, characteristically 
improves B-cell secretory response and glucose tolerance.” 
Glucagon levels were found to be within the normal range in the 
basal state, and suppressed in response to arginine? or hypo- 
glycemia®! in patients with confirmed pheochromocytoma. As a 
rule, surgical removal of the tumor restores or improves glucose 
tolerance”? within several weeks postoperatively. However, oth- 
ers have reported a normal increase with arginine.’!*? 

Table 25-2 summarizes the major sites of action of various 
counterregulatory hormones at the levels of target organs and the 
principal mechanisms of diabetogenic effects. In addition, the net 
outcome of these effects is dependent upon the direct or indirect in- 
fluences on the secretion or actions of insulin (Table 25-3), as dis- 
cussed previously. 


Primary Hyperaldosteronism 


The triad of hypertension, hypokalemia, and glucose intolerance 
was first described by Conn." Contrary to previous expectations, it 
has been estimated that this syndrome accounts for certainly no 
more than 1-2% of the hypertensive population. 

Glucose intolerance was earlier reported to be present in about 
50% of the patients with this syndrome,®? but a more accurate inci- 
dence would be considerably lower in view of a relatively mild ab- 
normality in most patients even with the current criteria for the di- 
agnosis of diabetes. The metabolic abnormality linked to glucose 
intolerance is generally thought to be secondary to potassium de- 
pletion, which may be responsible for the reported blunted insulin 
secretion®*" and perhaps accelerated glycogenolysis. Sagild and 
associates" were able to induce glucose intolerance in normal men 
commensurate with the induction of a potassium depletion to the 
extent of 200-500 mEq during a 5-day period, while the insulin 


TABLE 25-2. Major Metabolic Sites of Action of Counterregulatory Hormones* 


Liver Muscle Adipose Tissue 
Hormone Glycogen’ Gluconeogenesis Glucose Uptake Amino Acid Release Glucose Uptake Lipolysis 
Growth hormone 1 1 7 2 1 
Glucocorticoids I | 1 2 1 
Epinephrine 2 l 28 ? l 
Glucagon 2 I 4 0 ? 


* 1, Stimulation or increase; 2, inhibition or decrease; 0. no effect; ?, uncertain. 
+ . . . 

Net effect on glycogen content via glycogen synthesis or glycogenolysis, 
tA permissive role. 


SA fi-adrenergic effect, common to several B-adrenergic agonists. 
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TABLE 25-3. Summary of Hormonal Effects on Insulin 
Secretion and Action* 


Insulin Insulin 
Hormone Secretion Action’ 
Growth hormone 1 2 
Prolactin 2 2 
Glucocorticoids 1? 2 
Catecholamines 2 
Aldosterone® 22 ? 
Glucagon 1! 2 
Thyroid hormones (T,, T3) ? 2 
Somatostatin 2 ? 
Parathyroid hormone” 0 2 


* 1, Stimulation: 2, inhibition or antagonism; 0, no effect: ?, uncertain. 
t Via receptor, postreceptor, or both mechanisms. 


* Indircctly via insulin resistance. The direct effect appears to be a decrease in insulin 
secretion. 


s Indirectly via potassium depletion. 
1A pharmacologic effect. 


x Probably via an etfect on phosphorus metabolism as a major mechanism. 


sensitivity remained unchanged. However, potassium depletion 
may not be the only explanation for the glucose intolerance in pri- 
mary aldosteronism.** 


THYROID DISORDERS 
Hyperthyroidism 


Mild to moderately severe degrees of glucose intolerance have 
been documented in 30-50% of patients with hyperthyroidism.*”** 
Several effects of thyroid hormone excess have been related with 
aberrations of intermediary metabolism of carbohydrate, lipid, and 
protein.** Induction of hyperthyroidism in subjects with and with- 
out diabetes has been found to augment hepatic glucose production 
and perhaps renal gluconeogenesis. A rapid gastric emptying rate 
itself may contribute to postprandial hyperglycemia in some thyro- 
toxic patients. The data on insulin secretion and insulin sensitivity 
in hyperthyroid patients are controversial.°**”° Several studies 
have shown subnormal insulin responsiveness to oral glucose, 
IV glucagon, and IV arginine; however, others have reported nor- 
mal or increased B-cell responsiveness, but a decreased C-peptide 
to insulin molar ratio. The significance of the latter finding is un- 
certain in view of reports of a significantly increased metabolic 
clearance rate of insulin in such patients.°! The elevated free fatty 
acid levels seen in hyperthyroid patients** might also contribute to 
glucose intolerance. Beylot and associates have found evidence for 
augmented ketogenesis, probably mediated in part by a B-adrener- 
gic mechanism.” Along with the evidence from isolated liver per- 
fusion experiments in which thyroxine was shown to enhance glu- 
coneogenesis from alanine," these observations would support the 
clinical observation of worsening glycemic control and recurrent 
ketoacidosis in patients with preexisting diabetes mellitus who de- 
velop thyrotoxicosis.” Glucose intolerance persisted in 32% (7 of 
22) of patients studied by Maxon and coworkers®” after 12 years of 
follow-up after treatment. Because both Graves’ disease and type I 
diabetes share similar autoimmune mechanisms, an increased co- 
existence of these two disorders may be at least partly explained on 
this basis.” 
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DISORDERS OF CALCIUM AND/OR 
PHOSPHORUS METABOLISM 


Disorders of calcium and phosphorus metabolism produce si, 
cant alterations in insulin secretion and/or insulin sensitivit 
though the extent of these alterations and their precise mechar 
remain uncertain. In primary hyperparathyroidism, elevated s 
calcium levels are associated with hyperinsulinism.?>*° and tł 
sulin hypersecretion pattern has been found to correlate wit! 
serum calcium level.” The presence of glucose intolerance in 
40% of such patients” suggests a state of tissue insensitivi 
insulin due to the raised intracellular free calcium in prii 
hyperparathyroidism. However, studies in dogs” and hum: 
also point to an important role of hypophosphatemia in inhib 
glucose disposal and an impairment of tissue sensitivity to ins 
This could be, therefore, an important contributory mechanism 
derlying the insulin resistance of primary hyperparathyroid 
That parathyroid hormone has little direct effect on glucose 
posal or insulin secretion is suggested by the studies in dogs 
diet-induced secondary hyperparathyroidism™ and in patients ' 
renal insufficiency who showed no significant effect of para 
roidectomy on any of these parameters.'™ Patients with idiopa 
hypoparathyroidism or pseudohypoparathyroidism may have 
paired insulin secretion associated with hypocalcemia.” 

The a-cell responses to arginine or to a protein meal and | 
cose were studied in a series of patients with primary hy: 
parathyroidism before and after removal of parathyroid aden 
and were found to be intact.” In several, but not all, patients \ 
preexisting diabetes mellitus who underwent parathyroidectc 
for primary hyperparathyroidism, evidence for significant imprc 
ment in glucose tolerance and for increased sensitivity to exc 
nous or endogenous insulin was reported.” "°! These observati 
further indicate potential consequences of the disorders of calci 
and/or phosphorus metabolism on glucose tolerance, insulin sec 
tion, and insulin sensitivity. 


TUMORS OF THE ENDOCRINE 
PANCREAS OR GUT 


Non--cell tumors of the endocrine pancreas associated with g 
cose intolerance include particularly those characterized 
glucagon and somatostatin hypersecretion. Subtle abnormalities 
carbohydrate metabolism have also been encountered in some } 
tients with gastrinoma, vasoactive inhibitory polypeptide tur 
(VIP-oma), and carcinoid syndrome. Additionally, diabetes or g 
cose intolerance may be a component of the multiple endocri 
neoplasia (MEN) syndromes. 


GLUCAGONOMA 


Clinical Features 


Since the first well-described patient with a glucagon-secreti 
tumor in 1966 and a clear definition of the glucagonoma syndrot 
in 1974, there are now more than 130 definite, well-document 
cases in the literature." ~% The salient clinical features are su’ 
marized in Table 25-4. The syndrome is most prevalent in po 
menopausal women, and the tumor is found to be malignant in t 
majority of patients, usually originating in the body or tail of t 
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TABLE 25-4. Salient Features of the Glucagonoma Syndrome 


Incidence: women > men 
Clinical features: 
Glucose intolerance 
Skin rash: necrolytic migratory erythema 
Anemia: normochromic, normocytic 
Atrophic glossitis or stomatitis 
Thromboembolic disease 
Weight loss 
Biochemical features: 
Hyperglucagonemia, usually > 1000 pg/mL 
Hypoaminoacidemia 
Associated hormonal secretion: 
Insulin, ACTH, parathyroid hormone, or PTH-like substance, pancreatic 
polypeptide, gastrin, serotonin, vasoactive intestinal polypeptide, 
melanocyte-stimulating hormone 
Pathology: malignant >> benign 


pancreas. Glucose intolerance, a characteristic skin rash, and ane- 
mia, the clinical triad of this syndrome, are present in 70-80% of 
patients. The less common features include unexplained severe 
weight loss, atrophic glossitis or stomatitis, thromboembolic phe- 
nomena, diarrhea, and psychiatric disturbances. Rarely, gluca- 
gonoma has been described as part of the MEN I syndrome. More 
commonly, in about 20-30% of patients, the pancreatic tumor it- 
self was documented to secrete one or more of several other poly- 
peptide hormones, including insulin, ACTH, PTH, or PTH-like 
substances, pancreatic polypeptide (PP), gastrin, VIP, MSH, and, 
rarely, serotonin. 

The necrolytic migratory erythema! is characterized as a dis- 
abling, chronic, intermittent, bullous dermopathy presenting as sin- 
gle or confluent areas of desquamating, maculopapular, exudative 
lesions. The areas most commonly involved include groin, per- 
ineum, and buttocks, but almost any other area may be involved. 
Healing of several! lesions is followed by hyperpigmentation; re- 
currence in the areas of trauma or friction is frequent. 


Biochemical Features 


The circulating glucagon levels in most patients are very high, 
ranging between 1000 and 7000 pg/mL, two orders of magnitude 
higher than those seen in other states of marked glucagon excess 
such as uncontrolled diabetes, stress, trauma, hepatic or renal in- 
sufficiency, and hypercortisolism. However, in a rare syndrome of 
familial hyperglucagonemia, probably inherited as an autosomal 
dominant trait,''™ striking hyperglucagonemia may sometimes 
be observed at levels indistinguishable from those usually seen in 
glucagonoma syndrome. Interestingly, in one study'” elevated 
basal glucagon levels were observed in several relatives of a patient 
with glucagonoma. Most patients with glucagonoma secrete vari- 
able proportions of both 3500- and 9000-d (proglucagon) fractions, 
whereas the major fraction of glucagon in patients with familial 
hyperglucagonemia elutes in the 9000- and 30,000-d range.” 
Hypoproteinemia and, more consistently, marked hypo- 
aminoacidemia have been frequently reported in patients with 
glucagonoma. In some patients, concentrations of several gluco- 
neogenic amino acids including threonine, proline, arginine, and 
alanine were decreased to 10% of normal but returned to normal 
range after successful resection of the tumor. °° The markedly de- 
creased amino acid levels probably reflect enhanced hepatic ex- 


traction. Regardless of the exact mechanism of hypoamino- 
acidemia, it has been suggested that the amino acid deficiency may 
be causally related to the dermopathy of the syndrome, because 
parenteral supplementation with amino acids may result in marked 
amelioration in skin rash, commensurate with the restoration of 
amino acid levels.” 


GLUCOSE INTOLERANCE 


Despite striking elevations of circulating glucagon levels, the glu- 
cose intolerance in this syndrome is usually only mild to moder- 
ately severe, reflecting the key role of pancreatic insulin reserve in 
determining the diabetic status. In some patients, hyperglycemia 
may worsen simply because of the infiltration of the normal pan- 
creatic tissue by the tumor mass, spuriously suggesting a correla- 
tion between the rising glucagon levels and the glucose intoler- 
ance.'”? In patients in whom the tumor mass is not overwhelming, 
the peripheral insulin levels have been found to be normal or ap- 
propriately increased, in keeping with hyperglycemia. Develop- 
ment of ketoacidosis has been a rare occurrence''”; when demon- 
strable, it probably reflects an insulin-deficient state due to an 


underlying true genetic diabetic trait. 


Therapy 


The skin lesions of the glucagonoma syndrome have been treated 
with various modalities including tropical corticosteroids, antifun- 
gal agents, oral tetracyclines, or zinc, with variable success rates. 
Rapid improvement of skin lesions was noted in two patients fol- 
lowing prolonged infusions of somatostatin.''! and in some pa- 
tients after parental amino acid infusions or total parenteral nutri- 
tion." The occasional spontaneous remissions of the dermopathy 
in the natural history present some difficulty in assessing the re- 
sponse to any of the therapeutic maneuvers. 

The definitive treatment of glucagonoma syndrome consists of 
total excision of tumor, although this is feasible in only a minority 
of patients. When complete, a dramatic remission of the dermopa- 
thy and all the other manifestations of the syndrome has been re- 
ported. For the nonresectable tumors, most of which are accompa- 
nied by hepatic metastases, streptozocin has been the most 
frequently employed chemotherapy. The results have not been uni- 
formly good. A combination of streptozocin and doxorubicin was 
found to be significantly more efficacious than streptozocin alone 
or streptozocin plus fluorouracil! for the treatment of all forms of 
islet-cell carcinoma,''? although enough experience with this regi- 
men in glucagonoma is yet to be established. Encouraging results 
have also been obtained with dimethyltriazenoimidazole carbox- 
amide (DTIC) in several patients with glucagonoma. In patients 
with hepatic-dominant metastases, hepatic artery occlusion by sur- 
gery or embolization, followed by chemotherapy, may be more ef- 
fective than chemotherapy alone.''? The effectiveness of a long- 
acting somatostatin analogue, octreotide, in suppressing glucagon 
release from inoperable tumors and associated clinical benefits 
were demonstrated in some patients.''* 


SOMATOSTATINOMA 


The association of diabetes in patients with somatostatin- 
containing pancreatic tumors is part of a fascinating, although rare, 
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clinical syndrome. The somatostatinoma syndrome also provides an 
opportunity to study the diverse pathophysiologic effects of chronic 
endogenous somatostatin excess resulting from such tumors. 

Since the initial reports in 1977,''>!!® more than 20 patients 
with somatostatinoma-secreting pancreatic tumors have been well 
documented." Occasionally, variable amounts of somatostatin 
may be an incidental finding in a variety of neuroendocrine tu- 
mors, reflecting the multihormonal heterogeneity of such tumors. 
In addition, there are more than 50 recorded cases of duodenal 
carcinoids containing somatostatin, frequently in association with 
neurofibromatosis type I.'!”''* Interestingly, almost all of the pa- 
tients with pancreatic somatostatinoma had diabetes, whereas 
those with extrapancreatic somatostatinoma lacked diabetes, sug- 
gesting that a paracrine action of somatostatin in inhibiting islet 
hormone secretion, particularly insulin, might be the predominant 
diabetogenic mechanism in these patients. However, the presence 
of a number of other clinical manifestations, such as gallbladder 
disease (most common), diarrhea (with or without steatorrhea), 
hypo- or achlorhydria, weight loss, and anemia, in many of the 
patients would suggest that the markedly raised circulating so- 
matostatin concentrations do produce expected multiple biologic 
effects in patients with this syndrome.'!” Table 25-5 presents a 
clinicopathologic classification of somatostatin-secreting tumors. 

The diabetes in the patients with pancreatic somatostatinoma 
has generally been of mild to moderate severity, although in a 
few patients, significant ketosis and even ketoacidosis were pres- 
ent.''?'29 The immunoreactive insulin, glucagon, pancreatic 
polypeptide, and growth hormone levels were often blunted when 
measured. In all except a few of the patients, there was evidence 
of significant metastases by the time of diagnosis, culminating in 
fatal outcome or necessitating chemotherapy. In only one patient, 
successful excision of the pancreatic tumor resulted in complete 
disappearance of diabetes,'*’ and she remains asymptomatic after 
25 years. A follow-up arginine stimulation test in this patient re- 
vealed restoration of insulin, glucagon, and growth hormone re- 
sponses, suggesting a causal relation between the patient’s tumor 
and the induced metabolic aberrations. Another patient was free of 
symptoms, including remission of diabetes, 2 years after successful 
resection.” 

The characterization of circulating and tissue somatostatin-like 
immunoreactivity (SLI) carried out in some of the patients revealed 
predominantly large-molecular-weight SLI, suggesting precursor 


TABLE 25-5. Classification of Somatostatin-Producing Tumors 


Mode of Clinical 
Presentation 


Common Site(s) 
Type of Origin 


A Pancreas Somastatinoma syndrome 
(diabetes, cholelithiasis. 
diarrhea, anemia, 
hypochlorhydria) 

B Duodenal, ampullary, or Abdominal pain, GI bleeding, 

periampullary mucosa 


finding 


Cc Pancreas, GI tract, paraganglia, 
thyroid, lung, etc. 
hypoglycemia 


biliary obstruction, incidental 


Very variable: Cushing’s syndrome, 
ZE syndrome, carcinoid syndrome, 
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secretory proteins.''”!?*-'*4 In one patient, there was evidence of ; 
greater release of precursor proteins from the metastatic than fron 
the primary tumor tissue,'™ and in one patient the tumor cell 
could be grown in monolayer cultures and released somatostati) 
into the culture medium.''’ The ultrastructural and immunohisto 
chemical studies in most of the reported patients revealed the pres 
ence of typical D cells as the predominant cell form in thesı 
tumors. However, multiple hormone production due to mixed cel 
lularity of malignant islet cell tumors is not an uncommon occur 
rence. In some patients, the clinical symptoms from the secretiot 
of a second or even third major hormone may result months tc 
years following the initial diagnosis." This may also explain the 
seemingly unrelated symptoms in certain patients thought to have 
“somatostatinoma” on a morphologic basis in whom the clinica 
presentation may be due to a different major hormonal secretion 
such as insulin.'”*'?7 In several other patients, there was evidence 
of overproduction of calcitonin from the pancreatic tumor as seer 
by the immunohistochemical studies as well as by the markedly 
elevated plasma calcitonin levels in the absence of evidence foi 
coexisting medullary carcinoma of thyroid. Of additional interes! 
in this regard are the findings'!’ of ectopic somatostatin-secreting 
cells in some patients with medullary carcinoma of thyroid, and in 
oat-cell tumors of lung. These findings support the theory of 4 
common derivation of these three types of tumors among those 
from the amine precursor uptake decarboxylation (APUD) cellular 
origin. 

The experience with chemotherapy in patients with metastatic 
somatostatinoma is limited. Several patients underwent treatment 
with streptozocin, 5-fluorouracil, or both, but long-term follow-up 
was generally disappointing. Newer regimens including doxoru- 
bicin in combination with streptozocin may hold promise, as 
shown for other forms of islet cell malignancies.’ "? 


GLUCOSE INTOLERANCE IN PATIENTS WITH 
OTHER TYPES OF ENDOCRINE TUMORS 


Gastrinoma (Zollinger—-Ellison) Syndrome 


Glucose intolerance has occasionally been reported in patients with 
the Zollinger-Ellison (ZE) syndrome, chiefly characterized by 
(1) hypersecretion of gastric acid, (2) recurrent peptic ulcers, and 


Associated Diseases Cases Reported 
or Syndromes (n) 


= 20-25 


Von Recklinghausen’s 50-55 
neurofibromatosis, MEN type IIb 

syndrome, pheochromocytomas, 

paragangliomas, carcinoids elsewhere, 

carcinoma of pancreas 


Celiac disease (one case) 15-20 


Modified with permission from Ganda OP. Dayal Y. Somatostatin-producing tumors. In: Dayal Y. ed. Endocrine Pathology of the Gut and Pancreas. Boca Raton: CRC Press: 


1991:241-277. 
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(3) a gastrin-producing tumor. The tumors of this type originate 
from the pancreas or, not infrequently, from the duodenum or from 
both sites. The cell of origin in pancreas is probably from a subset 
of D cells, and some evidence indicates that both gastrin and so- 
matostatin may be secreted by the same D cells,'** although others 
have been unable to detect gastrin in normal islets.’ 

The effect of hypergastrinemia associated with the ZE syn- 
drome on pancreatic islet hormone secretion has not been studied 
in detail. It is, therefore, not clear if the glucose intolerance seen in 
some patients with ZE syndrome is causally related to gastrin over- 
production. Moreover, in about 20-60% of patients with ZE syn- 
drome,'*° other endocrine tumors coexist as part of the multiple en- 
docrine neoplasia (MEN) syndrome, one or more of which may 
have diabetogenic effects (as is discussed later). 


Pancreatic Cholera Syndrome 


In 1958, Verner and Morrison described a syndrome characterized 
by severe watery, cholera-like diarrhea, hypokalemia, and 
achlorhydria (WDHA syndrome or Verner—Morrison syndrome) in 
association with an islet cell tumor and subsequently reviewed 
55 patients with this entity.'*' Other clinical features of the syn- 
drome include episodic flushing of skin, hypercalcemia, and hyper- 
glycemia, the latter being found in about one-third of patients. "?? 
The possibility exists that glucose intolerance, at least in some pa- 
tients, is related to the severe hypokalemia, an integral component 
of this syndrome. 

Many, but not all, patients with this syndrome have elevated 
concentrations of vasoactive intestinal peptide (VIP). Several in- 
vestigators have reported patients with classical pancreatic cholera 
syndrome with normal concentrations of VIP (pseudo-Verner— 
Morrison syndrome). In this latter situation, the nature of the 
causative agent(s) mediating the syndrome remains uncertain al- 
though a number of likely candidates have been proposed, includ- 
ing calcitonin, pancreatic polypeptide, prostaglandins, substance P, 
neurotensin, and peptide histidine-methionine (PHM), a peptide 
that shares a common precursor with VIP.'** 


Carcinoid Syndrome 


Glucose intolerance is occasionally seen in patients with carcinoid 
syndrome, an endocrine disorder with protean manifestations.'** 
Feldman and coworkers’ showed an inhibitory effect of serotonin 
on insulin secretion in several experimental animals, and reported a 
potentiation of insulin secretion in vitro by a serotonin antagonist, 
methysergide maleate. These observations supported the concept 
of biogenic amines modulating insulin secretion. Subsequently, the 
same investigators studied a series of patients with carcinoid syn- 
drome.'** Glucose intolerance (by intravenous glucose tolerance 
testing) was documented in 8 of 10 patients with metastatic carci- 
noid tumors, presenting with the carcinoid syndrome and elevated 
serum serotonin levels. In contrast, all seven patients with metasta- 
tic carcinoid tumors but without the carcinoid syndrome (normal 
serotonin levels) had a normal IV glucose tolerance. Administration 
ofa serotonin antagonist, cyproheptadine, or p-chlorophenylalanine, 
which blocks serotonin synthesis, resulted in enhanced insulin secre- 
tion and, in the latter instance, some improvement in glucose dis- 
posal rates. None of the patients in this series had evidence of overt 
diabetes, although oral glucose tolerance tests were not performed. 
Thus, subtle aberrations of carbohydrate metabolism may exist in 
patients with carcinoid syndrome. 


Multiple Endocrine Neoplasia 


As discussed previously, it is important to recognize that the clin- 
ical picture and differential diagnosis of several endocrine tumor 
syndromes are sometimes complicated by the fact that multiple 
hormones might be produced by one “specific” type of tumor, as 
reported in some patients with glucagonoma or somatostatinoma. 
Perhaps more commonly, the pathologic hypersecretion of several 
hormones occurs in an individual patient simply on the basis of 
multiple endocrine neoplasia. Three such constellations of multi- 
ple endocrine neoplasia (MEN) syndromes have been described, 
each as a familial syndrome with autosomal dominant inheri- 
tance.'*” MEN type I (Wermer’s syndrome) most frequently con- 
sists of the involvement of the pituitary gland, pancreatic islets, 
and parathyroids, sometimes in association with tumors of the 
adrenal cortex or thyroid, or with carcinoid tumors, lipomas, or 
thymomas. Of the pancreatic tumors present in 60-80% of pa- 
tients with MEN I, gastrinomas and insulinomas are the ones 
most frequently observed. MEN type IIA (Sipple’s syndrome) is 
characterized by pheochromocytoma, hyperparathyroidism, and 
medullary carcinoma of the thyroid. A variant of the syndrome, 
MEN type IIB, consists of pheochromocytoma, medullary carci- 
noma of the thyroid, mucosal neuromas, hyperplastic corneal 
nerves, and marfanoid habitus. However, overlap between these 
MEN categories does occur, so that it is not certain if these are 
distinct genetic syndromes and discrete classification types." Re- 
cently, a MEN type II gene was identified on chromosome 10 and 
a MEN I gene on chromosome 11q13.'**!*? Mutations in the RET 
protooncogene have been identified in MEN IIA and IIB syn- 
dromes, but the role of this gene product in the pathogenesis of 
diabetes remains uncertain. The RET protooncogene is a trans- 
membrane tyrosine kinase receptor whose overexpression in trans- 
genic mice results in medullary thyroid cancer but not glucose in- 
tolerance syndromes. "*? 


POEMS Syndrome 


POEMS syndrome (polyneuropathy, organomegaly, endocrinopa- 
thy, monoclonal gammopathy, and skin changes), also known as 
Krow—Fukasi syndrome, is a rare form of plasma cell disorder as- 
sociated with osteosclerotic myeloma. About 100 cases have been 
reported.'*! The endocrine components of this syndrome include 
diabetes, hypogonadism with or without hyperprolactinemia, hy- 
pothyroidism, and adrenal insufficiency. Polyneuropathy is almost 
always a clinically manifested feature along with IgG or IgA type 
M protein and lambda-type light chain. Glucose intolerance, some- 
times requiring insulin, has been reported in 30-50% of cases." 
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CHAPTER 26 


Nutritional Management of the Person with Diabetes 


Abhimanyu Garg 
Joyce P. Barnett 


INTRODUCTION 


Nutritional guidelines for patients with diabetes mellitus have been 
changing over the past century based on new scientific knowledge. 
The American Diabetes Association (ADA) Task Force on Nutri- 
tional Guidelines made major revisions compared to the previous 
guidelines of 1994.’ Most recently, evidence-based nutrional 
guidelines have been proposed.” These guidelines address the im- 
portance of optimizing plasma glucose and lipid levels, as well as 
issues related to growth and development, pregnancy and lactation, 
aging, prevention of short- and long-term complications, and over- 
all optimal health through good nutrition. Nutritional management, 
or medical nutrition therapy, is an integral component of overall 
management of diabetes, but is extremely challenging to imple- 
ment successfully. The goal of nutrition therapy “is to assist indi- 
viduals with diabetes in making changes in nutrition and exercise 
habits leading to improved metabolic control.”!? Specific goals of 
therapy are outlined in Table 26-1. The purpose of this chapter is to 
review the scientific rationale for nutritional management and pro- 
vide practical insight on how to implement nutrition therapy to op- 
timize diabetes management. 


HISTORICAL PERSPECTIVE 


The earliest known recommendations for treatment of diabetes in- 
cluded references to what we now consider to be carbohydrate- 
containing foods. Even then the debate was whether a high- 
carbohydrate or a low-carbohydrate diet was most beneficial for 
someone with diabetes. In the 1600s and 1700s this controversy 
continued. In the 1800s attention was given for the first time to spe- 
cific amounts of foods, when it was recognized that amino acids 
could yield glucose in the body via gluconeogenesis.’ Prior to the 
discovery of insulin in 1921, the primary treatment for diabetes 
mellitus was an extremely low-energy, low-carbohydrate diet 
(Table 26-2).7 Although the ADA guidelines somewhat liberalized 
carbohydrate intake in the 1950s, the focus continued to be prima- 
rily on restriction of carbohydrate until the 1970s. The longer sur- 
vival of people with diabetes that resulted from improved treatment 
then shifted attention to long-term complications. The increased 
risk for cardiovascular disease in individuals with diabetes shifted 
the focus toward restriction of dietary fats, particularly saturated 
fats, and cholesterol, which received increasing emphasis through 


the 1980s and into the 1990s. This led to further liberalization of 
carbohydrate intake. The recommendations issued in 1994 and 
2002 are based to a greater degree on scientific evidence and less 
on clinical practice than previously issued recommendations. Re- 
cent studies have emphasized the importance of rigorous glycemic 
control in the prevention of long-term diabetic complications, and 
therefore greater emphasis on nutritional management should help 
achieve normoglycemia.>* 

The most recent ADA guidelines emphasize the importance of 
individualizing the nutrition prescription to meet specific goals of 
therapy for each patient, and allow for more variation in proportion 
of energy from carbohydrate and fat and limited variation in pro- 
tein intake (10-20%), depending on individual needs. The focus 
for carbohydrate intake shifted away from restriction of sugar, or 
sucrose, to the total amount of carbohydrate included in the diet. 
Based on scientific evidence, sucrose can be incorporated into the 
meal plan as a part of an overall healthful diet.’ In recognition of 
the difficulty of the task of nutritional management of patients with 
diabetes, the concept of a coordinated team approach was ex- 
panded to include an active role for the patient. 


NUTRITION RECOMMENDATIONS 
Energy Needs 


The most important decision for nutrition management in patients 
with diabetes involves deciding the appropriate total energy intake, 
which may differ from patient to patient (Tables 26-3 and 26-4).’ 
During childhood and adolescence, patients with type | diabetes 
mellitus (TIDM) need extra energy for normal growth and devel- 
opment. Pregnant and lactating women also have increased energy 
demands, and total energy intake should be appropriately increased 
in such patients. Because most patients with type 2 diabetes melli- 
tus (T2DM) are obese, usually total energy intake should be less 
than that needed for weight maintenance. After achieving reason- 
able body weight, it can be adjusted to maintain body weight and 
prevent future weight gain. However, in some instances, when pa- 
tients with T2DM have lost considerable weight, such as at the 
time of diagnosis of diabetes mellitus or during chronic infections, 
severe illness, a postoperative period, or chronic severe hyper- 
glycemia, they may in fact need extra energy beyond that needed 
for weight maintenance. Such patients lose not only body fat but 
also lean body mass that needs to be recovered. 
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TABLE 26-1 Goals of Medical Nutrition Therapy 


© Maintenance of as near-normal blood glucose levels as possible by balancing food intake with insulin (either 
endogenous or exogenous) or oral glucose-lowering medications and physical activity levels 

®@ Achievement of optimal serum lipid levels 

@ Provision of adequate calories for maintaining or attaining reasonable weights for adults, normal growth and 
development rates in children and adolescents, increased metabolic needs during pregnancy and lactation, 
or recovery from catabolic illnesses 

@ Prevention and treatment of the acute complications of insulin-treated diabetes such as hypoglycemia, short- 
term illnesses, and exercise-related problems, and of the long-term complications of diabetes such as 
renal disease, autonomic neuropathy, hypertension, and cardiovascular disease 

© Improvement of overall health through optimal nutrition 


Source: Modified with permission from American Diabetes Association.’ 


TABLE 26-2 Historical Perspective of Nutrition Recommendations 


Year Carbohydrate 
Before 1921 

1921 20 

1950 40 

1971 45 

1986 =60 
1994, 2002 * 


Distribution of Calories (%) 
Protein Fat 


Starvation diets 


10 70 
20 40 
20 35 

12-20 <30 

10-20 <30° 


* Amount of carbohydrate and cis-monounsaturated fat is based on nutritional assessment and treatment goals. 


+Less than 10% of calories from saturated fats. 


Source: Reprinted with permission from American Diabetes Association." 


TABLE 26-3 Estimating Energy Requirements for Adults 


Basal energy requirements: 


* Adjustment of additional energy required 
for activity level: 


20-25 kcal/kg (80-100 kJ/kg) of desirable body weight 


Sedentary 30% of estimated basal energy requirements 
Moderate 50% of estimated basal energy requirements 
Strenuous 100% of estimated basal energy requirements 
* Adjustments: 
During pregnancy (2nd and 3rd Add 300 kcal (1250 kJ) per day 
trimester) 


Add 500 kcal (2100 kJ) per day 
Add 500 kcal (2100 kJ) per day 
Subtract 500 kcal (2100 kJ) per day 


During lactation 
For weight gain (0.5 kg/wk) 
For weight loss (0.5 kg/wk) 


* Adjustments are approximate: weight changes should be monitored and compared to cnergy intake. 


TABLE 26-4 Estimating Energy Requirements for Children 
and Adolescents 


Age in Years kcal(kJ)/kg body weight* 
£3 ~ 100 (~400) 

4-6 90 (375) 

7-10 70 (300) 

11-14 Males 55 (230) 

15-18 Males 45 (190) 

11-14 Females 47 (200) 

15-18 Females 40 (165) 


*Adjustments may be needed for activity level and other individuals variations. 


Source: National Rescarch Council.’ 


Obesity is a major predisposing factor for T2DM; thus reduced 
energy intake is an important aspect of management for these 
patients as well as for prevention of diabetes in susceptible indi- 
viduals. Some patients with T2DM are prone to truncal obesity as 
well as generalized excess body fat.*° Beyond the detrimental ef- 
fects of overall adiposity, distribution of body fat, particularly in 
the truncal region, further predisposes subjects to insulin resist- 
ance. In addition, the threshold for developing insulin resistance in 
response to adiposity may vary in different ethnic groups as well 
among individuals belonging to the same ethnic group.®!%!! 
Therefore, even mild increases in truncal subcutaneous fat and 
intra-abdominal fat can lead to insulin resistance in susceptible 
subjects. Patients who are not considered overweight by weight- 
for-height standards may have excess adiposity, and thus could also 
benefit from reduction of body fat. Interestingly, even small 
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amounts of weight loss (5—10%) can markedly improve glycemic 
control and serum lipid levels.'?-!> 

Controversy exists over whether high-carbohydrate or high-fat 
diets are more effective in causing weight loss. Studies show that if 
reduction of total energy intake is similar, the diets cause equal loss 
of body weight.’ On the other hand, studies conducted in the 
United States revealed that total energy consumption was higher on 
a high-fat diet compared to a high-carbohydrate diet.'™!'® However, 
whether this excess energy intake on high-fat diets continues for 
the long term remains unclear. Since people in the United States 
tend to consume high-fat diets, whether other groups such as 
Asians or Africans who are habituated to high-carbohydrate diets 
will also tend to consume extra energy when given high-fat diets 
remains unclear. Therefore, the major emphasis should be on re- 
duction of total energy intake. 

Two approaches may be considered for reduction of total en- 
ergy intake: a very-low-calorie diet (VLCD) or a low-calorie diet 
(LCD). The very-low-calorie diet (less than 800 kcal or 3350 kJ per 
day) will promote rapid weight loss and lead to reduction of blood 
pressure and serum glucose and lipid levels. The VLCD may be ei- 
ther a food-based plan or a liquid formula. To safely implement the 
VLCD, close medical supervision is required. Care must be taken 
to include adequate protein (1.0-1.4 g/kg of ideal body weight per 
day), vitamins, electrolytes, and fluids. Side effects of VLCDs in- 
clude rapid loss of lean body mass, electrolyte imbalance, cardiac 
arrhythmias, gout, and gallstones. Less serious side effects include 
hair loss, anemia, cold intolerance, constipation, fatigue, and men- 
strual irregularities. VLCDs should only be used for those with 
body mass index (BMI) greater than 30 kg/m’, not for mildly over- 
weight individuals. "? There is some evidence that VLCDs may pro- 
duce disordered binge eating in some people.” Even though short- 
term weight loss is greater on VLCDs, the long-term results (i.e., 
producing weight loss after | year) are no more effective than a 
low-calorie diet.”' The preferred approach to energy reduction is 
the LCD (800-1500 kcal or 3350-6300 kJ per day). This approach 
represents a reduction of 500-1000 kcal (2100-4200 kJ) per day to 
produce weight loss of 0.5-1 kg per week.” However, reduction in 
energy intake of 1000 kcal (4200 kJ) per day, a significant change 
in food habits for most individuals, can be difficult to sustain for an 
extended period of time. 

An alternative approach is to reduce energy intake by 250- 
500 kcal (1050-2100 kJ) per day to promote gradual weight loss of 
approximately 0.25-0.5 kg per week." Gradual changes in types of 
foods and moderate reduction in portion size can lead to gradual 
weight loss that is more likely to be sustained over the extended pe- 
riod most obese individuals will need to achieve their goal weight. 

Some people claim that high-protein, low-carbohydrate diets 
promote weight loss. They suggest that carbohydrate intake, by 
stimulating insulin secretion, contributes to insulin resistance, obe- 
sity, and other metabolic abnormalities, and therefore should be re- 
duced. However, such diets have not been investigated clinically. 
Proposed benefits of the low-carbohydrate diet are initial rapid 
weight loss and short-term improvements in serum lipids. The low- 
carbohydrate intake of some of these diets leads to induction of ke- 
tosis. Studies of ketogenic diets used to control seizures in children 
have reported adverse effects such as an increased risk of kidney 
stones, as well as constipation and dehydration. Other relevant but 
less common side effects associated with use of ketogenic diets in- 
clude hyperlipidemia, impaired neutrophil function, osteoporosis, 
and optic neuropathy.**** Very-low-energy ketogenic diets have 
also been reported to have a negative effect on cognitive function.” 
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High protein intake can lead to hypercalciuria, hyperuricemia, an 
hypocitraturia that can contribute to kidney stone formation, gou’ 
and possible reduction in bone density.” Most individuals ca 
tolerate unlimited intake of high-protein, high-fat foods for only 

short time, leading to decreased total energy intake and thus weigh 
loss. The limited variety of food allowed also contributes to de 
creased energy intake. In addition, decreased intake of vitamin 
and minerals may be deleterious. 


Macronutrients 


After deciding total energy intake, the patient and the dietitia: 
should consider the choice of macro- and micronutrients. 


Dietary Carbohydrates 

Traditionally, intake of complex carbohydrates has been rec- 
ommended for patients with diabetes, and intake of simple carbo. 
hydrates (mono- and disaccharides) such as glucose, fructose, anc 
sucrose is discouraged. This is based on the notion that simple sug- 
ars are more rapidly absorbed and therefore can cause wide fluctu- 
ations in blood glucose. Equal energy intake from complex carbo- 
hydrates such as starch or naturally occurring simple carbohydrates 
causes similar increases in plasma glucose concentrations." ®™* 
Fructose causes a reduced glycemic excursion." However, su- 
crose or fructose intake may increase serum triglyceride and cho- 
lesterol concentrations compared to starch intake, although results 
have been inconsistent. ~! Therefore, while small amounts of 
simple sugars can be ingested as part of a healthful diet, overall in- 
take should be limited.*” 

Nutritive sweeteners, including honey and fructose, may not 
have any advantage or disadvantage over sucrose. "? While sucrose 
and other refined sugars can be substituted for other carbohydrates 
in the meal plan, caution is still needed. Foods containing sugars 
are also often high in fat as well as energy. Fruit as a source of fruc- 
tose is not of concern as long as total carbohydrate intake is con- 
trolled; however, high-fructose corn syrup, which is added to many 
foods and beverages today, should be limited.” 

Sucrose can increase palatability and thus interfere with 
weight loss efforts. It can also contribute to the development of 
dental caries. The amount of carbohydrate in the meal plan should 
be based on an assessment of current intake and must be individu- 
alized. Patients who are using oral antidiabetes agents or insulin 
need to maintain day-to-day consistency and meal-to-meal consis- 
tency in the amount of carbohydrate consumed to maintain good 
glycemic control. Some experts advise dietary carbohydrate-based 
calculation of insulin dose in patients with TIDM. Complex carbo- 
hydrates should be encouraged and simple sugars from fruits and 
vegetables are preferred because of the vitamins, minerals, and 
other nutrients in those foods. 

The glycemic index of foods has been proposed as a criterion 
to select carbohydrate-containing foods.“ The glycemic index is a 
ranking of foods based on their immediate effect on an individual’s 
blood glucose levels. Following ingestion of a 50-g carbohydrate 
portion of a food, the blood glucose concentration area under the 
curve above the fasting glucose concentration is compared with the 
blood glucose area obtained with 50-g carbohydrate portion of 
white bread or glucose.” Interestingly, bread, some cereals, and 
potatoes have a higher glycemic index than simple sugars. Lower- 
glycemic foods include pasta, unprocessed grain products, 
legumes, dairy products, and some fruits. Several factors, including 
differences in cooking methods and processing, molecular and 
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physical characteristics of the starch in the product, and individual 
variations in blood glucose response, can affect glycemic index.*° 
Further, long-term intake of low-glycemic-index foods has not 
shown consistent improvement in plasma glucose or lipid concen- 
trations in patients with diabetes.*’** Therefore, many experts, in- 
cluding the ADA, do not recommend the use of the glycemic index 
in nutritional management of patients with diabetes. 


Sweeteners 

Sugar alcohols (or polyols) such as sorbitol, mannitol, lactitol, 
and isomalt provide 2-3 kcal (8-12 kJ) per gram (Table 26-5). Hy- 
drogenated starch hydrolysates and polyols are often used in sugar- 
free candies and cough drops. Al! of the polyols can cause signifi- 
cant gastrointestinal distress (cramping and diarrhea) if consumed 
in large amounts (20-50 grams, depending on the product). Small 
children may be particularly susceptible to developing diarrhea re- 
sulting from ingestion of as little as 0.5 g/kg body weight of poly- 
ols.“? Sugar alcohols should not be used to treat hypoglycemia. 

Non-nutritive sweeteners include saccharin, aspartame, acesul- 
fame K, and sucralose. Both saccharin and acesulfame K are ex- 
creted unchanged from the body and provide no energy. Saccharin 
has been found to cross the placenta and is cleared slowly by the 
fetus; therefore, its use in pregnancy is not recommended.” Al- 
though aspartame contains 4 kcal (17 kJ) per gram, it is consumed 
in very small amounts, and thus contributes a negligible amount of 
energy. Aspartame cannot be used in cooking due to heat instabil- 
ity. People with phenylketonuria should not use aspartame because 
its metabolism yields phenylalanine. Sucralose (trichlorogatacto- 
sucrose) is being used in certain products such as fruit juice and pie 
fillings, with a substantial reduction in energy in those items. Su- 
cralose provides no energy, is heat stable, and can be used in 
desserts, confections, and beverages.” The commercial version of 
sucralose (Splenda®) is packaged with a small amount of dextrose, 
thus contributing a minimal amount of energy. 


Protein 


Adequate protein intake is necessary for maintenance of lean 
body mass in adults. Children have higher protein needs to support 


TABLE 26-5 Comparison of Sweeteners 


growth, as well as for maintenance. Protein needs are also in- 
creased during pregnancy, lactation, catabolic illness or stress, and 
during vigorous exercise. Typical intake of protein in the United 
States ranges from 15-20% of total energy, while the recom- 
mended dietary allowance (RDA) for protein is approximately 
10% of total energy (0.8 g/kg).’ Protein intake of 10-20% of total 
energy is recommended by the ADA, and this will meet protein 
needs in most situations.? When using reduced energy diets, it is 
especially important to include adequate protein. 

Reduction of protein intake to 0.8 g/kg is recommended for pa- 
tients with chronic renal insufficiency and diabetic renal disease; 
however, protein malnutrition can occur on lower intakes.°! Al- 
though studies suggest that decreasing protein intake in people 
with TIDM may delay the progression of nephropathy, it is not 
clear if all patients with diabetes would benefit from reduced pro- 
tein intake.” In addition, it is unclear whether protein from dif- 
ferent sources, e.g., from meat, vegetables, eggs, or milk, has vari- 
able effects on renal function.°**° 

Good sources of protein include meat, poultry, fish, dairy prod- 
ucts, legumes such as soybeans, chickpeas, other seeds and nuts, 
grain products, and vegetables. Because meat, poultry, and dairy 
products tend to be major sources of saturated fat and cholesterol, 
lower-fat selections should be made. Besides supplying protein, 
dairy products are excellent sources of calcium, and red meats are 
good sources of iron and zinc. Consumption of 500 mL (~2 cups) 
of milk and 140-170 g of meat, poultry, or fish per day can provide 
approximately 20% of total daily energy requirements from protein 
in adults. In contrast, a lacto-ovo vegetarian diet provides about 
12-14% of energy from protein, while vegan diets provide about 
10-12% energy from protein.” Although soy protein has some 
serum cholesterol—lowering effects, the mechanisms remain un- 
clear. Whether protein from other legumes will have similar 
cholesterol-reducing potential has not been established. 


Dietary Fats 

Dietary fats, or triglycerides, usually contain a mixture of satu- 
rated (no double bonds), monounsaturated (one double bond), and 
polyunsaturated (two or more double bonds) fatty acids. Mono- 


Compound Energy (kcal/kg) Relative Sweetness Compared to Sucrose 
Sucrose 4.0 1.0 
Fructose 40 1.2-1.8 
Sugar alcohols (polyols) 
Erythritol 0.2 0.7 
Hydrogenated starch hydrolysates 3.0 0.25-0.5 
Isomalt 2.0 0.45-0.65 
Lactitol 2.0 0.3-0.4 
Mannitol 1.6 0.5 
Sorbitol 2.6 0.5-0.7 
Xylitol 2.4 1.0 
Non-Nutritive Sweeteners 
Acesulfame K 0 200 
Alitame* 1.4 2000 
Aspartamet 4.0 160-220 
Cyclamate* 0 30 
Saccharin 0 200-700 
Sucralose 0 600 


“Not approved for use in the United States. 


+Negligible energy contribution due to intense swectening capability. 


Source: American Dietetic Association.” 
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and polyunsaturated fatty acids can be further classified as cis or 
trans depending on the geometric configuration of the double bonds. 
Approximately 90% of total fat intake in the United States comes 
from fats and oils, red meat, poultry, fish, and dairy products. Two- 
thirds of the saturated fat in the diet comes from animal fats, empha- 
sizing the need to limit the quantity of animal products eaten. Invisi- 
ble or hidden fats and oils are often overlooked. The importance of 
reducing cholesterol-raising fatty acids (mainly the saturated and 
trans variety) in the diet to achieve maximum reduction in serum 
low-density lipoprotein (LDL) cholesterol is well established. The 
goals for serum lipid and glycemic control may be used as the basis 
for individualization of the amount of fat included in the diet. 


Saturated Fatty Acids 

Saturated fatty acids should be limited to <10% and prefer- 
ably to <7% of total energy.*** The saturated fatty acids with the 
most potent serum cholesterol—raising effect are lauric (C12:0; 
12-carbon chain length and no double bonds), myristic (C14:0), 
and palmitic (C16:0) acids.” Stearic acid (C18:0) does not raise 
serum LDL-cholesterol.*! Recent studies have found that the 
medium-chain fatty acids caprylic (C8:0) and capric (C:10) acids, 
as well as the long-chain fatty acid behenic acid (C22:0), also raise 
serum LDL-cholesterol.°™ 


Polyunsaturated Fatty Acids 

Polyunsaturated fatty acids should also be limited to 10% or 
less of total energy intake.*>* Polyunsaturated fatty acids are clas- 
sified as n-6 (w-6) or n-3 (w-3), depending on the location of the 
first double bond counting from the methyl end of the carbon 
chain. Consumption of approximately 2-3% of total energy intake 
from n-6 polyunsaturated fatty acids supplies adequate amounts of 
essential fatty acids. The essential fatty acids are linoleic acid (n-6, 
C18:2) and a-linolenic acid (n-3, C18:3). Arachidonic and 
y-linolenic acids can be formed from linoleic acid. Linoleic acid, 
when substituted for saturated fatty acids, lowers LDL-cholesterol, 
but does not decrease triglycerides. Large intakes of linoleic acid, 
however, may decrease HDL-cholesterol concentrations. 

Omega-3 (n-3) fatty acids have been shown to reduce serum 
triglycerides by competitively inhibiting hepatic triglyceride syn- 
thesis. Fish oils are the major sources of eicosapentaenoic acid 
(C20:5) and docosahexaenoic acid (C22:6). Fish oil intake in large 
quantities (up to 5-10 g of n-3 polyunsaturated fatty acids per day) 
can cause hyperglycemia by increasing hepatic glucose output. 
Such adverse effects, however, have not been noted with small 
doses of fish oil and when energy intake is adequately controlled. 
Fish oils can also raise serum LDL-cholesterol concentrations, par- 
ticularly in patients with hypertriglyceridemia.°” Reduced risk of 
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acute myocardial infarction as a result of decreased platelet ag 
gation could be another potential benefit of n-3 fatty acids. Fo 
patients with diabetes, the increase in consumption of n-3 f 
acids should be via increased intake of fish, except in those \ 
hypertriglyceridemia, who need moderate to large doses of fish 
for reduction of serum triglycerides. 


cis-Monounsaturated Fatty Acids 

The cis-monounsaturated fatty acids are abundant in nat 
People from Mediterranean countries who consume diets ric] 
cis-monounsaturated fats have lower mortality rates, particul: 
from coronary heart disease. Recent studies have shown that w 
oleic acid (C18:1) is substituted for saturated fatty acids, set 
LDL-cholesterol declines just as much as with polyunsaturi 
fatty acids.°-* A preliminary study showed that erucic < 
(C22:1) may also have cholesterol-lowering properties simila: 
those of oleic acid, but little is known about the effects of other | 
monounsaturated fatty acids such as palmitoleic (C16:1) 
gadoleic (C20:1) acid.” This led us to explore potential benefi: 
effects of cis-monounsaturated fatty acids for patients with T2C 

In a randomized, crossover study in patients with T2DM 
comparison to a high-carbohydrate diet, a diet high in « 
monounsaturated fatty acids, with reduced plasma triglycen 
and very-low-density-lipoprotein (VLDL) cholesterol lev 
raised high-density lipoprotein (HDL) cholesterol and apolipor 
tein A-I concentrations, but caused no changes in plasma t 
cholesterol, LDL-cholesterol, and apolipoprotein B. The high- 
monounsaturated-fat diet also lowered plasma glucose and inst 
concentrations.” A recent meta-analysis of nine randomiz 
crossover trials showed that compared to high-carbohydrate di 
the high-cis-monounsaturated-fat diets reduced fasting plasma 
acylglycerol by 19% and VLDL-cholesterol concentrations 
22%. A modest increase in HDL-cholesterol was noted with 
adverse effect on LDL-cholesterol concentrations (Table 26-6). 

Besides beneficial effects of diets rich in cis-monounsatura 
fatty acids on serum lipids and glycemic control, such diets may 
crease compliance for some individuals used to a high-fat d 
When weight loss is a goal, attention should be given to overall 
ergy intake. Good sources of cis-monounsaturated fatty acids 
clude canola, olive, mustard, and peanut oils, avocados, olives, i 
some nuts (Table 26-7).”* Certain genetically modified varieties 
safflower and sunflower oils are also rich in cis-monounsatura 
fatty acids. 


trans-Fatty Acids 
Partial hydrogenation of oils yields a firmer and more sta 
product than the original oil, but the process also leads to format 


TABLE 26-6 Net Change in Lipids and Lipoprotein Concentrations in Type 2 Diabetic Patients with the High Monounsaturated Fat Diet, 


as Compared with the High Carbohydrate Diet* 


Parameter Total Cholesterol Triglycerides 
No. of studies 9 9 

No. of subjects 133 133 
Change in mmol/L* -0.15 —0.36 
(95% CI) (—0.24 to —0.06) (—0.43 to —0.29) 
Percent change* -3.0 —19.0 


VLDL Cholesterol LDL Cholesterol HDL Cholest« 
4 6 9 
68 105 133 
—0.20 -0.01 +0.05 
(—0.24 to —0.15) (—0.10 to +0.08) (+0.03 to +0. 
—22.5 0.0 +4.0 


“Results of a meta-analysis of nine studies. Net or percent change is expressed as the concentration during the high monounsaturated fat diet minus that during the high carbohy 


drate dict.” 


CL. confidence interval; VLDL, very-low-density lipoprotein: LDL. low-density lipoprotein: HDL. high-density lipoprotein. 


Modified with permission from Gang.” 
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TABLE 26-7 Various cis-Monounsaturated Fatty Acids and Their Dietary Sources 


Fish oils, beef fat 
Fish oils, beef and pork fat 
Oils: olive, canola, ground nut (peanuts), high-oleic safflower and 


sunflower, avocado, aceituno, shea nut, rice bran, sesame, Jessenia 
bataua, tea seed 

Nuts: filberts, almonds, pistachios, pecans, macadamias, cashews 
Others: mowrah butter; illipe butter; *fat of cattle. pigs, goats, 
chicken, and sheep; *cocoa butter 


Common Name Notation Sources 
Lauroleic C12:1 Fish oils 
Myristoleic C14:1 
Palmitoleic Cl6:1 
Oleic C18:1 
Gadoleic C20:1 
Erucic C22:1 


Fish oils (such as herring, sardines, mackerel), jojoba oil 
Mustard seed oil, rape seed oil, nasturtium seed oil 


* Although a source of oleic acid. these fats should be used sparingly because they are high in cholesterol-raising saturated fatty 


acids. 


Source: Padley, et at.”* 


of trans-monounsaturated or trans-polyunsaturated fatty acids. 
Partially hydrogenated oils are often used as a substitute for satu- 
rated fats in foods such as spreads, shortenings, and baked goods. 
Approximately 3% of the total daily energy is provided by trans- 
fatty acids in the United States.” In other western countries 0.5- 
2.1% of the total energy consumption is from trans-fatty acids.*° 
Dietary trans-fatty acids should be limited as much as possible be- 
cause they have been shown to raise serum LDL-cholesterol and 
apolipoprotein B levels and may lower serum HDL-cholesterol and 
apolipoprotein A-I.*!*? Furthermore, intake of trans-fatty acids has 
also been associated with higher risk of coronary heart disease.” 


Fat Replacers 

Fat replacers can help to lower overall fat intake; however, 
these products cannot counteract the effects of a diet high in fat and 
cholesterol. Patients may need education in label reading to under- 
stand the difference between reduced-fat, low-fat, and fat-free 
products. Fat replacers are of questionable benefit in weight man- 
agement, as many have only slightly reduced energy than the regu- 
lar product. In addition, satiety value may be less for the reduced- 
fat product, leading to increased overall intake. 

Fat replacers can be made from carbohydrates, proteins, or 
fat.” Carbohydrate-based fat replacements are gums, gels, and 
maltodextrins that add creaminess and texture to foods such as 
salad dressings. A significant amount of carbohydrate may be con- 
sumed in a low-fat product made with a carbohydrate-based fat re- 
placement, especially if the serving size listed on the label is small. 
Protein-based fat replacers are made of microparticulated egg 
white or milk protein. They can be used in cheese, salad dressings, 
and some baked products. Most protein-based fat replacers lose 
their desired effect due to coagulation when subjected to high tem- 
peratures, thus limiting the types of products in which they can be 
used. Protein-based fat replacers add 1-4 kcal (4-16 kJ) per 
gram." Fat-based substitutes are either synthetic or modified fats. 
Olestra, a sucrose polyester, is a synthetic fat that is not digested 
or absorbed and thus contributes no energy. Large amounts of 
olestra can cause gastrointestinal distress and may reduce absorp- 
tion of fat-soluble vitamins.” Salatrim® and caprenin are examples 
of fats altered to decrease absorption. Salatrim provides ~20 kJ 
(5 kcal) per gram and is a modified triglyceride containing acetic, 
propionic, and stearic acids. Caprenin also provides ~20 kJ per 
gram and contains caprylic (C8:0), capric (C:10), and behenic 


(C22:0) acids. Even though absorption of caprenin and Salatrim is 
decreased, caprylic, capric, and behenic acids can raise serum cho- 
lesterol concentration.” 


Dietary Cholesterol 

Both serum LDL- and total cholesterol are increased by high 
intake of dietary cholesterol. Limiting dietary cholesterol to 
300 mg or less per day is recommended, while further reduction to 
200 mg or less may be necessary to achieve maximal lowering of 
LDL-cholesterol. Animal products are the sole sources of dietary 
cholesterol, and their intake should be limited.'*® Consumption of 
140-170 grams per day of lean meat, poultry, or fish and 500-750 
mL (2-3 cups) of nonfat or low-fat dairy products is recommended. 
Certain high-cholesterol foods, such as egg yolks and organ meats, 
should be limited. Egg yolks should be limited to 2—4 per week, in- 
cluding those used in cooking. Egg whites may be used in place of 
whole eggs. Certain shellfish (i.e., shrimp) have higher cholesterol 
content than other meats or fish, but may be consumed in modera- 
tion because of their lower saturated fat content.” 


Dietary Fiber 

The recommended intake for dietary fiber for patients with di- 
abetes is 20-35 grams per day, a significant increase over the 
usual intake of 16 to 17 grams per day in the United States.*® In 
other Western countries fiber intake is also quite low, approxi- 
mately 22 grams per day.” Dietary fiber can be classified as solu- 
ble or insoluble. Insoluble fibers such as cellulose, lignin, and 
some hemicelluloses increase stool volume and shorten intestinal 
transit time, but do not affect serum cholesterol levels. Soluble 
fibers such as pectin, gums, mucilages, and some hemicelluloses 
reduce serum cholesterol by approximately 5%.** A recent study 
in subjects with T2DM, comparing a diet high in total fiber (50 
grams total fiber, 25 grams each of soluble and insoluble fiber) 
from foods unfortified with fiber supplements to a moderate-fiber 
diet (24 grams total, 8 grams soluble and 16 grams insoluble), re- 
ported a 10% reduction in 24-hour plasma glucose and a 12% re- 
duction in plasma insulin levels, as well as decreased daily uri- 
nary glucose excretion (Fig. 26-1). The high-fiber diet also 
reduced plasma cholesterol by 7%, triglycerides by 10%, and 
VLDL-cholesterol by 12.5%. Selection of such fruits, vegetables, 
and grains with a high proportion of soluble to insoluble fiber is 
recommended (Table 26-8). 
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FIGURE 26-1. Profile of 24-hour plasma glucose and insulin levels (means 
+ SEM) obtained on the last day of each diet period. The circles represent 
mean values on the American Diabetes Association (ADA) diet and the 
squares represent mean values on the high-fiber diet. The arrows indicate 
the times at which the major meals and a snack were consumed during the 
day. An asterisk denotes p <0.05 for the ADA diet versus the high-fiber 
diet values. To convert values of plasma insulin to picomoles per liter, mul- 
tiply by 6. (Modified with permission from Chandalia et al.*”) 


Alcohol 

The ADA recommends the same guidelines for alcohol con- 
sumption for patients with diabetes as those for the general popula- 
tion; however, there are some additional concerns.”'~* Pregnant 
women and people with a history of alcohol abuse, pancreatitis, 
gastritis, and certain other conditions should abstain from alcohol 
intake. One recent study reported increased risk for developing 
T2DM in men who abstain or drink large amounts of alcohol when 
compared with those who are moderate drinkers.” Low to moder- 
ate alcohol intake on a regular basis in nondiabetic subjects can 
increase serum HDL-cholesterol and apolipoprotein A-I levels, 
thus contributing to lower cardiovascular risk; however, these ef- 
fects are somewhat negated by an accompanying increase in blood 
pressure and decrease in concentration of antithrombin III.” In 
large amounts, alcohol causes peripheral insulin resistance, and 
may lead to hyperglycemia, hypertniglyceridemia, and hyperten- 
sion.” Alcohol may also contribute to development of truncal 
obesity and fatty liver.'°~'°? Because alcohol ingestion may en- 
hance glucose-stimulated insulin secretion and reduce gluconeoge- 
nesis, binge drinking and/or failing to consume food with alcohol 
increases the likelihood of hypoglycemic events. The likelihood of 
hypoglycemic unawareness also increases with alcohol ingestion. 
To reduce the risk of hypoglycemia when insulin is required, food 
should never be omitted to compensate for the alcohol consumed 
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and meals must be eaten at the scheduled times.'!*'™ People v 
T2DM, particularly elderly individuals, who drink alcohol and 
quire oral antidiabetes agents are also at increased risk for hy 
glycemia, but their risk is less than that for TIDM.'™ With g 
glycemic control, moderate ingestion of alcohol (two drinks 
men and one for women) has limited acute effect on blood gluc 
levels. Alcohol provides 7 kcal (30 kJ) per gram and in T21 
where weight management is usually a concern, energy from al 
hol should be substituted for fat energy. 


Micronutrients 


Vitamins 

There is little need for vitamin and mineral supplementatior 
patients who eat a variety of foods and consume adequate energy 
maintain body weight.'”° Patients following reduced-energy di 
for long periods of time, however, can be at risk for consuming | 
than the recommended intake of some nutrients. In addition, thi 
individuals who consume meals or snacks prepared away fr 
home are more likely to have diets lower in vitamin and mine 
content than those who consume more conventional meals p 
pared in the home. During pregnancy and in times of illness á 
stress, nutrient needs are increased. A thorough assessment of | 
patient’s current diet by a dietitian can be helpful to determine 
supplementation may be indicated. 

Because of increased risk for coronary heart disease in peo) 
with diabetes, the antioxidant vitamins such as vitamins C and 
are of particular interest. They may protect LDL-cholesterol pa 
cles from oxidation or modification, but clinical trials that supp 
the benefits from the effects are lacking. "°" In fact, a recent lar 
clinical trial evaluating cardiovascular outcomes found no positi 
effect for vitamin E supplementation.” Earlier enthusiasm for t 
antioxidant beta-carotene has declined after reports of either 
beneficial effect or slightly increased risk for lung cancer in st 
jects who took beta-carotene supplements. ''®'"! 


Minerals 


Chromium 

Chromium is often touted as a mineral that needs to be supp! 
mented in diabetes because it is a component of glucose toleran 
factor. However, unless the diet is deficient in chromium, its su 
plementation does not improve glucose tolerance.!!2!"3 


Magnesium 

Magnesium serves many important functions in the body. P 
tients with diabetes tend to have low blood magnesium levels, mc 
likely due to urinary loss of magnesium associated with chron 
glycosuria.''*"''© However, repletion with oral magnesium chi 
ride is recommended only for those who have documented hyp 
magnesemia. Good food sources of magnesium include liver, lea 
green vegetables, legumes, and nuts. Those who follow a nutritio 
ally balanced meal plan and consume adequate energy should | 
able to obtain adequate magnesium from their food.!"” 


Sodium 

Scientific evidence strongly supports the effectiveness of got 
blood pressure control to prevent complications of diabetes, and r 
duction of sodium intake has been found to be effective in loweri 
blood pressure in subjects with hypertension.''*"'”° Older individ 
als, especially those with diabetes, appear to be more sensitive 
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TABLE 26-8 Fiber Content of Some Foods Particularly Rich in Soluble Fiber 


Weight 
Food Item Amount (g) 
Legumes and Grains 
Beans, lima Ic 188 
Beans, navy lc 182 
Chickpeas Ic 164 
Peas, split lc 196 
Oatmeal, cooked Ic 234 
Fruits 
Apple with skin 1 med 138 
Banana 1 med 114 
Cantaloupe Y2 med 461 
Grapefruit Y2 med 145 
Mango 1 med 207 
Nectarine 1 med 136 
Orange | med 131 
Papaya Ic 140 
Peach 1 med 87 
Plums 1 med 66 
Vegetables 
Artichokes Ic 168 
Broccoli Ic 184 
Cabbage Ic 150 
Corn, whole kernel le 164 
Kohlrabi Ic 165 
Okra le 185 
Squash, winter lc 245 
Sweet potatoes lc 255 
Zucchini lc 130 


Source: Schakel et al.” 


sodium than others.'?! For individuals with hypertension, moderate 
restriction of sodium (2400 mg/d) is usually recommended. !”* Pa- 
tients with diabetic nephropathy should limit intake of sodium to 
2000 mg per day.’ Acute severe sodium restriction (<500 mg/d) 
has been shown to adversely affect serum total and LDL- 
cholesterol and to increase resistance to the vasodilating effects of 
insulin.!?>~!5 For older individuals who are thin or at normal body 
weight, severe sodium restriction may adversely affect energy in- 
take due to decreased palatability of food and thus could contribute 
to malnutrition. Dietary intake of sodium usually greatly exceeds 
the minimum needed for normal body function due to its frequent 
use in foods such as canned soups, salty snacks, and processed 
meats. Meals and snacks purchased in restaurants are also likely to 
have a higher sodium content than meals prepared from fresh foods 
at home. Reduction of sodium intake can be difficult to achieve un- 
less the diet is based primarily on fresh rather than processed foods. 


Phytochemicals and Supplements 


Evidence is growing in support of increased intake of fruits and 
vegetables in the diet as more is learned about potential health ben- 
efits of newly identified substances in those foods. Isoflavones are 
an example of phytoestrogens found in vegetables, fruits, and 
legumes. Some potential beneficial effects of isoflavones, such as 
genistein and daidzein from soy products, include antioxidant 
properties, weak estrogenic effects, and action as modulators of in- 
testinal glucose transport. 


Total Insoluble 
Dietary Fiber Fiber Soluble Fiber 
(g) (g) (g) 
13.6 6.2 7.4 
15.4 6.6 5.2 
9.5 5.7 3.8 
6.3 4.1 2.2 
3.6 1.7 1.9 
2.8 1.8 1.0 
2.2 1.6 0.6 
3.7 1.5 2.2 
1.8 0.7 1.1 
4.1 2.2 1.9 
2.2 1.1 1.1 
3.1 1.2 1.9 
3.5 1.3 2.2 
1.4 0.5 0.9 
1.0 0.3 0.7 
5.6 2.5 3.1 
5:2 2.8 2.3 
3.0 1.9 1.1 
6.1 3.4 2.6 
4.4 1.4 3.0 
5.9 2.4 3.5 
6.9 2.9 3.9 
7.7 4.6 3.1 
2.0 0.7 1.3 


Sitostanol, a plant sterol incorporated into margarine, lowers 
serum LDL-cholesterol by 10-15% in mildly hypercholester- 
olemic subjects by competitive inhibition of gastrointestinal 
absorption of cholesterol.'**'?* It may be a useful dietary adjunct 
for patients with diabetes, 213° 

Other substances in plants, such as lutein, lycopene, lignans, 
and saponins, are currently being investigated and may eventually 
play a role in enhancing health. As studies are conducted using 
these substances, foods are emerging as the preferred source. The 
isolated individual components taken in the form of a supplement 
do not always have the same effect as the substance when con- 
sumed in a whole food along with all the other elements present in 
the food. 

Use of botanical (herbal) supplements is widespread and grow- 
ing among the general population and is especially prevalent 
among patients with chronic diseases.'*' Clinical evidence to sup- 
port the efficacy and safety of use of many of these products is very 
limited. Because of the potential for harmful effects and possible 
interaction with prescription medications, patients should be asked 
about their use of all types of supplements. 


Meal Frequency and Timing 


For patients with T1DM, consistency in timing of meals in relation 
to insulin action is important to prevent wide fluctuations in blood 
glucose levels. Adjustments should be made in the timing of insulin 
injections to match peak glucose excursion after meals and snacks. 
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As discussed earlier, consistency in the amount of carbohydrate 
eaten is of greatest importance, as dietary protein and fat have a 
lesser effect than carbohydrates on blood glucose levels. If there 
are more than 5 hours between meals, a snack may be needed to 
prevent a hypoglycemic event. Multiple daily injections or use of 
an insulin pump provides greater flexibility in timing of meals for 
the person with T1DM. 

For patients whose diabetes is controlled by diet alone or with 
oral agents, eating 3-5 small meals per day may be beneficial. Al- 
though frequency of feeding does not appear to affect rate of 
weight loss when energy intake is constant, more frequent eating 
may lead to less fluctuation in satiety level, thus curbing the ten- 
dency to consume excessive energy.'*”'*? Patients taking oral 
agents to lower blood glucose levels should be advised to avoid 
skipping meals to prevent hypoglycemic events. Multiple small 
meals have been shown to have a positive effect on serum lipids 
and lipoproteins, insulin, and postprandial glucose when compared 
to a pattern of less frequent meals.'™-" In addition, less impulsive 
eating and a reduced dietary fat intake have been noted when 
breakfast is eaten.” 


SPECIAL ISSUES 


Type 1 Diabetes Mellitus 


Infants and Young Children 

Providing adequate nutrition for normal growth and develop- 
ment and prevention of hypoglycemic events are two major goals 
in management of diabetes in infants and children. Children with 
poor glycemic control may grow at a slower rate. Growth should 
be monitored every 3-6 months so that appropriate intervention 
can be made if growth is not optimal. To help prevent hypo- 
glycemia, blood glucose target goals for infants and children are 
higher than for adults. Preprandial target blood glucose ranges for 
infants and toddlers are 120-220 mg/dL, for preschool children, 
100-200 mg/dL, and for school-age children, 70-150 mg/dL.” 
Because the risks of hypoglycemia are greater for infants and 
young children due to ineffective communication and brain 
growth, blood glucose should be monitored frequently. For infants, 
a flexible 3- to 4-hour feeding schedule of breast milk or iron- 
fortified formula can help to maintain normoglycemia. Other 
foods can be added to the diet at the usual recommended age 
(4-6 months) to help maintain glucose levels and provide other 
sources of carbohydrate. Careful blood glucose monitoring is 
needed due to the fluctuating activity level in infants. 

Toddlers present special challenges, because their physical ac- 
tivity and eating habits are sporadic and spontaneous. Toddlers 
need three meals and three snacks, and usually are good judges of 
how much they need to eat. The focus of food intake should be the 
overall picture over a period of time, rather than concern over lim- 
ited food choices on a day-to-day basis. The dosage and timing of 
insulin administration should be adjusted to match the amount of 
carbohydrate that has been consumed. 


Adolescents 

The adolescent years also present challenges in diabetes man- 
agement from a physiologic as well as developmental perspective. 
Rapid growth and hormonal changes influence insulin needs. From 
a meal planning perspective, the importance of eating a consistent 
amount of carbohydrate on a regular schedule requires creativity. 
The use of the carbohydrate counting method for meal planning 
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can provide flexibility.!** Since this method focuses on a single 
trient, it gives more options and allows the adolescent to inc 
foods his or her peers are eating, but still maintain consistent 
bohydrate intake for good glycemic control. 

For children of normal weight, usual intake is a good base 
to determine nutrition needs and establish a meal plan. Extra 
ergy intake may be needed for catch-up growth if the child has 
weight or experienced growth faltering prior to the time of diag 
sis. If intensive glycemic control is implemented for adolesce 
excessive weight gain may become a problem. While children \ 
TIDM are typically thin or even underweight at the time of d. 
nosis, with the increased prevalence of childhood obesity in 
United States, approximately 25% of children diagnosed v 
T1DM are now obese.” 

Age-appropriate physical activity should be encouraged 
help establish lifelong habits early and emphasize the benefits 
overall good health as well as diabetes management. As child 
begin to participate in organized sports and other physical act: 
ties, periodic guidance by nutritionists is needed to adjust the m 
plan so that additional carbohydrate and energy are planned 
maintain good glycemic control. 


Type 2 Diabetes Mellitus 


Adults 

When the focus of management for T2DM is on improv 
serum glucose, hypertension, and lipid levels rather than on wei 
loss, there is greater incentive for continued and long-te: 
changes. However, long-term maintenance of reduced weight 
problematic for many individuals. Studies of those who have su 
cessfully maintained reduced weight reveal that continued se. 
monitoring by keeping food records and weighing themselves re 
ularly is important.'40-14? Increased physical activity, howeve 
seems to be a key factor in maintenance of reduced weight.'**"' 
In addition to increased energy expenditure, physical activi 
seems to provide a sense of self-efficacy in overall weight manag: 
ment efforts.'“°'*? For lifelong adherence to a physical activi: 
regimen, a person needs to find something enjoyable to do in ord 
to increase the likelihood of continued activity. 

Coronary heart disease, peripheral vascular disease, foot prot 
lems or amputation, osteoarthritis of hip or knee, and cerebrova: 
cular accidents may limit patients’ physical activity. A number < 
medications can adversely affect weight loss efforts. Tricycli 
antidepressants and antihistamines may increase appetite. Nor 
steroidal anti-inflammatory drugs as well as aspirin (even at prc 
phylactic doses used for coronary heart disease and cerebrovascu 
lar disease) can cause gastritis. Energy balance can be affected b: 
beta-blockers that can cause a slight decrease in metabolic rate.'** 


Children and Adolescents 

The prevalence of T2DM in children and adolescents is growin; 
at an alarming rate, up from 1—2% in the past to recent reports of 8- 
25% of diabetes cases in children.'*” The increasing prevalence o 
obesity among children in the United States is likely a contributin, 
factor to the increase in T2DM in this group. Except when life 
threatening comorbidities exist, the goal for weight management i1 
younger children is to maintain weight while providing adequate en 
ergy for continued linear growth. Modest energy restriction to pro 
mote weight loss in adolescents who are past the growth spurt is ap 
propriate. When weight loss is indicated, energy intake should bi 
reduced as discussed previously; however, increased physical ac 
tivity should be stressed. Decreased physical activity has beei 
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implicated as a major factor in development of obesity in children. 
As for adults, it is equally important that children find an activity 
they like and will continue to do over the long term. Family involve- 
mentis extremely important in promoting healthy weight in children. 


Pregnancy and Lactation 


Good diabetes management is essential for successful pregnancy 
outcome for a woman with diabetes. Nutritional planning 
3-6 months prior to conception is essential to achieve near-normal 
glycemic control before and during pregnancy. Increased energy 
should be provided during pregnancy and lactation. The increased 
energy intake needed for development of the fetus and maternal tis- 
sue is approximately 300 additional kcal (1250 kJ) per day during 
the second and third trimesters of pregnancy.'*? Women with a 
body mass index of >26 to 29.0 kg/m? should gain 7-11.5 kg, 
while women with BMI >29.0 kg/m? should gain ~7 kg. Protein 
intake should be increased by 10 grams per day. Folic acid, cal- 
cium, and iron should be increased appropriately. 

Approximately 4% of women develop gestational diabetes. 
They are often overweight and are at increased risk for future de- 
velopment of T2DM. Energy restriction during pregnancy is con- 
troversial. Severe energy restriction can result in ketosis and can 
adversely affect the fetus. However, energy consumption of 1600- 
1800 kcal (6700-7500 kJ) per day can improve hyperglycemia 
without causing ketosis.'°"'*' Some experts recommend 30 
kcal/kg of present pregnant weight for normal-weight women, 24 
kcal/kg for overweight women, and 12 kcal/kg for morbidly obese 
women.'*? To control postprandial glucose response, carbohy- 
drates are limited to 40% of total energy intake and are distributed 
into three meals and three snacks. If an energy-restricted diet is 
used during pregnancy, adequate protein must be provided because 
pregnant women with diabetes may be more susceptible to protein 
malnutrition than those without diabetes.'°*-'*> Weight loss efforts 
should continue during the postpartum period with a long-term 
goal of gradual weight reduction. 

Consistent patterns of food intake and physical activity are im- 
portant during pregnancy to avoid ketonemia and maintain stable 
blood glucose levels. Frequent meals and snacks may be eaten. 
Blood glucose levels in nondiabetic women are generally lower 
during pregnancy. Morning sickness can increase the likelihood of 
hypoglycemia. As the pregnancy progresses, increasing insulin re- 
sistance affects blood glucose levels and insulin needs. Carbohy- 
drate intake should be adjusted to approximately 40-45% of total 
energy to maintain glycemic goals.'*© 

Breastfeeding should be encouraged, particularly for obese 
women with T2DM, as it can assist in their efforts to lose weight. 
Approximately 500 kcal (2100 kJ) per day are needed to provide the 
extra energy required for lactation. Because breastfeeding lowers 
blood glucose levels, the dose of insulin may be reduced appropri- 
ately and additional energy may be consumed, particularly during 
the night. Moderate weight loss can occur on energy consumption of 
approximately 35 kcal/kg of body weight as the maternal stores laid 
down during the pregnancy are used to support lactation. Weight 
loss of 0.5-1.0 kg per month is acceptable and up to 2 kg weight loss 
per month does not appear to compromise milk volume.'°”!>* 


Eating Disorders 


The prevalence of eating disorders, clinical and subclinical, among 
people with diabetes is at least as great as in the general population, 


and some studies report higher rates.'*°"'®' Eating disorders can 


significantly complicate short- and long-term diabetes manage- 
ment. Mostly young females, who tend to have greater concern 
about body weight and shape, are affected. Omission or reduction 
of insulin to control weight may be practiced by up to 30% of fe- 
males with diabetes.'*”'®? Those who omit insulin are more likely 
to exhibit disordered eating, have a greater fear of hypoglycemia, 
report more psychological distress, and have poorer adherence to 
diabetes management protocols, leading to increased diabetes- 
related hospitalizations.'©* Most studies report poorer glycemic 
control when disordered eating is present. Binge eating and purg- 
ing are the most commonly reported types of disordered eating 
among patients with diabetes. '°':'©? Women who intentionally omit 
or reduce insulin dosage tend to have elevated plasma triglycerides, 
cholesterol, and hemoglobin A. concentrations, which may in- 
crease the risk for long-term complications of diabetes such as 
retinopathy and neuropathy. Those who report bulimic behavior 
have an increased intake of energy, dietary fat, and cholesterol 
compared with those who do not.'® In a German study that in- 
cluded subjects with T2DM, binge eating disorder often preceded 
the diagnosis of diabetes, possibly contributing to the obesity asso- 
ciated with T2DM.'® 


Acute and Chronic Illnesses 
Sick Day Guidelines 


Nutritional management during acute illnesses requires ade- 
quate fluids (orally or intravenously) to avoid dehydration and at 
least 150 grams of carbohydrates to avoid ketosis. When solid food 
is not tolerated, energy can be provided in the form of liquids, such 
as juice, lemonade, sodas, gelatin, soup, ice cream, or sherbet. 

Metabolic stress and pain during surgery or trauma increases 
circulating counterregulatory hormones and can lead to hyper- 
glycemia. During such periods, it is extremely important to moni- 
tor and maintain appropriate fluid and electrolyte balance, meta- 
bolic control, and body weight. The nutritional goal during periods 
of stress is to avoid over- and underfeeding. Overfeeding further 
exaggerates the hyperglycemia caused by metabolic stress. Mainte- 
nance of blood glucose levels between 100 and 200 mg/dL is rec- 
ommended to limit extremes of hypo- and hyperglycemia.'© Im- 
paired wound healing has been observed when blood glucose 
exceeds 200 mg/dL.'® Adequate pain management is important, 
but the sedating effects of pain medication can increase risk of hy- 
poglycemia. 


Enteral and Parenteral Nutrition Support 

The indications for such nutritional support for patients with 
diabetes are similar to those without diabetes. Energy and protein 
needs should be determined based on thorough nutrition assess- 
ment. Unintentional weight loss of 10-20% in a 6-month period 
suggests moderate malnutrition and >20% weight loss indicates 
severe malnutrition. Protein catabolism is often a consequence of 
the metabolic stress of severe illness or injury. Protein needs can 
usually be met with 1.0-1.5 g protein/kg body weight, but some 
patients may require higher protein intake. Monitoring of blood 
glucose and urine ketones is recommended every 6 hours during 
enteral nutrition and every 4 hours during parenteral nutrition. "€? 


Enteral Nutrition 
Enteral nutrition is preferred if the gut is functioning because 
of less expense and fewer complications, and because it is more 
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physiologic and may have beneficial trophic effects on the gas- 
trointestinal cells. Enteral nutrition is best supplied by commer- 
cially prepared formulas to limit risk of contamination; however, 
with careful attention to sanitation, nutritionally adequate formulas 
can be prepared by blending together milk and other foods. If the 
patient is lactose intolerant, cooked, pureed meat can provide the 
protein needed. Adequate liquid must be added to provide the 
proper consistency to avoid clogging of the feeding tube. Reduced 
fluid intake and high-carbohydrate formulas may increase risk of 
hyperosmolar nonketotic coma. 


Total Parenteral Nutrition 

Total parenteral nutrition (TPN) is recommended when oral in- 
take is not adequate and enteral nutrition is not feasible. Accurate 
intake and output records are essential. Excess administration of 
glucose (>5 mg/kg body weight/min) may cause hyperglycemia 
and require a higher dose of insulin for good glycemic control. 
Continuous infusion of fat emulsion is recommended to maintain 
approximately 30% of energy intake (not greater than 2.5 g/kg 
body weight).'** Use of lipid emulsions may need to be reduced 
or discontinued if serum triglyceride concentrations exceed 
400 mg/dL.' 


Other Complications 


Chronic Pancreatitis 

Chronic severe pancreatitis can lead to destruction of the pan- 
creas and subsequent development of diabetes. In addition, loss of 
exocrine function due to pancreatitis or pancreatectomy causes 
malabsorption. With adequate enzyme replacement therapy, 
greater intake of fat can be allowed with alleviation of fat and pro- 
tein malabsorption. ° 


Diabetic Nephropathy 

Adjustments in dietary protein intake may help to slow the pro- 
gression of diabetic nephropathy. In chronic renal insufficiency, a 
reduction in dietary protein to 0.8 g/kg is recommended.” The rec- 
ommendation for protein intake in patients with nephrotic syn- 
drome is also 0.8 g/kg. When protein intake is less than 0.8 g/kg, 
patients are at greater risk for malnutrition.’ Adequate energy in- 
take in the range of 35-40 kcal/kg may be needed in some in- 
stances to maintain body weight.'’' Increased use of simple carbo- 
hydrates and unsaturated fats may be needed to achieve the desired 
level of energy intake. Hyperphosphatemia in chronic renal failure 
requires reduction of phosphorus intake to prevent metabolic bone 
disease. Intake of sodium and potassium must be monitored and 
adjusted as needed to maintain appropriate serum concentrations. 
Fluid intake must also be adjusted as renal failure progresses. As 
much as 80% of the dextrose in the dialysate used for peritoneal 
dialysis is absorbed and thus can contribute a significant amount of 
energy. Supplementation of certain vitamins and minerals may be 
needed due to the metabolic alterations of renal failure as well as 
poor dietary intake. 


Autonomic Neuropathy 


Gastroparesis 

Gastroparesis is a complication of diabetes with significant nu- 
trition and diabetes management implications. The symptoms of 
bloating, fullness, early satiety, nausea and vomiting, and abdomi- 
nal pain can lead to decreased intake and weight loss. At the same 


NUTRITIONAL MANAGEMENT OF THE PERSON WITH DIABETES 4 


time the patient may experience postprandial hypoglycemia a 
fluctuating plasma glucose levels. Optimal glycemic control is i1 
portant because hyperglycemia can slow gastric emptying. Nut 
tional management for gastroparesis includes (1) small freque 
meals, (2) a low-fat, low-fiber diet, (3) use of foods of soft consi 
tency, and (4) replacement of solid foods with liquid meals.'” E: 
ing meals with more solid foods earlier in the day, then switchil 
to liquids later in the day seems to help some patients. While { 
usually slows gastric emptying, many patients can tolerate fat in 
liquid form, such as milkshakes. Patients should be instructed to : 
up during and after meals. If enteral feeding is necessary, a j 
junostomy feeding route is recommended.'”* 


Diarrhea and Constipation 

Diabetic diarrhea occurs in approximately 10-20% of patien 
with poorly controlled diabetes. Before diagnosis of diabetic dia 
rhea can be definitively established, pancreatic insufficiency, bacte 
rial overgrowth, lactose intolerance, or gluten-induced enteropath 
must be considered as possible causes of persistent diarrhea. Cor 
stipation is another common complaint that occurs in patients wit 
diabetes. Adjustments in diet have not been very effective in mar 
agement of diarrhea or constipation that results from diabetic autc 
nomic neuropathy; therefore, good glycemic control for preventio 
of development of neuropathy is essential.’ 


Gluten-Induced Enteropathy 

Celiac disease, or gluten-induced enteropathy, is a disease wit! 
a reported higher incidence (estimated at 1-8%) among patient: 
with TIDM.'’>-!” Patients with celiac disease usually present witl 
abdominal distention, diarrhea, weight loss (or failure to thrive ir 
children), lactose intolerance, fatigue, and irritability. Depending 
on the severity of the gluten sensitivity and length of time prior tc 
diagnosis, the patient may be at significant nutritional risk. The 
treatment requires avoidance of the protein gliadin and severa: 
other prolamins from the diet, which means elimination of wheat. 
rye, oats, and barley. Strict adherence to the diet results in signifi- 
cant improvement in symptoms but is difficult to achieve. The of- 
fending grains can be found in many products and are often hidden, 
making careful label reading essential. Nutrition advice should be 
obtained to plan nutritionally balanced meals for overall health.'”* 


OVERCOMING BARRIERS TO CHANGE 


Barriers 


Numerous obstacles to dietary compliance have been cited: a sense 
of isolation, time pressures and competing priorities, lack of sup- 
port from friends and family, social events, negative emotions, and 
feelings of deprivation.'” In a recent survey of dietitians who work 
with patients with diabetes, the greatest barrier to change identified 
was the complication of lifestyle and competing demands.!"° In- 
cluded in this barrier category are (1) time constraints, (2) eating 
out, (3) lack of finances, (4) portion control, and (5) denial or un- 
willingness to make changes. The primary factors needed to over- 
come these barriers were individualization and simplification of 
meal plans and help with time management (scheduling). Medical 
nutrition therapy that involves assessment and individualized inter- 
vention has been shown to be effective in improving metabolic 
control in other studies as well.!*'-'*? Physician referral for medical 
nutrition therapy in diabetes management is extremely important 
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due the difficulty in achieving dietary change. For approximately 
half of the patients with T2DM in one study, lack of physician re- 
ferral was the reason for not consulting a dietitian.'** Infrequent 
referral for dietary counseling was found to be as ineffective in fa- 
cilitating dietary change as no referral.'** The importance of fol- 
lowing a meal plan for improved glycemic control in TIDM was 
recognized in The Diabetes Control and Complication Trial 
(DCCT).'**-'®° Increased adherence to meal plans occurs when pa- 
tients attend follow-up nutrition counseling sessions.!®” Additional 
education about the complications of diabetes was identified as a 
means to overcome the barrier of denial or the perception that dia- 
betes is not serious. Increased emphasis on blood glucose monitor- 
ing, more follow-up sessions, use of support groups, and further in- 
dividualized education were recommended by dietitians involved 
in diabetes education. 


Tools and Techniques 


Practice guidelines have been developed to provide a systematic 
approach for provision of medical nutrition therapy for patients 
with diabetes mellitus. The major components of medical nutrition 
therapy are assessment, intervention, and evaluation. Intervention 
includes the nutrition prescription, education, and goal setting. For 
the intervention to be effective, the patient must be an active partic- 
ipant in this process.'®* Improved fasting plasma glucose, glycosy- 
lated hemoglobin, serum lipids, and body weight have demon- 
strated effectiveness of medical nutrition therapy. Use of cognitive 
motivational techniques, as well as programs of longer duration 
with greater simplicity and repetition, has been found to improve 
outcome.’ Patients with diabetes of long duration, with poor 
metabolic control, and with major obstacles to lifestyle changes are 
most likely to benefit from intensive nutrition therapy.” 

A wide range of tools is available to facilitate meal planning 
for patients with diabetes.'?' Which meal planning approach to use 
depends on the assessment of the individual patient’s needs. The 
Exchange Lists for Meal Planning, long used to help patients select 
appropriate foods and portion sizes, may be too complex for some 
situations. A simplified version of the exchange system was found 
to be an effective meal planning tool during the DCCT. The carbo- 
hydrate counting method, which focuses on the nutrient with great- 
est influence on glycemic control, provides flexibility and can be 
implemented with varying degrees of complexity.'** 


SUMMARY 


The goals of nutritional management for diabetes mellitus can be 
achieved in a number of ways to meet patient needs. Provision of 
adequate energy intake to meet needs during periods of growth and 
development, pregnancy and lactation, and times of stress, injury, 
or illness are of primary importance. For patients with T2DM, re- 
duction of total energy intake and an increase in physical activity 
consistent with the patient’s physical capabilities should be recom- 
mended in order to reduce body fat, decrease insulin resistance, and 
improve glycemic and lipid control. Either a high-carbohydrate 
diet or a diet rich in cis-monounsaturated fats can be used as long 
as intake of dietary cholesterol and cholesterol-raising fats is lim- 
ited. Intake of added sugars should be limited and carbohydrates 
rich in soluble fiber should be preferentially consumed. Recom- 
mendations for protein, vitamins, minerals, and fluids are similar to 
those for the nondiabetics. Emphasis should be on a healthy 


lifestyle with a diet low in saturated and trans-unsaturated fats and 
rich in whole grains, fresh fruits, and vegetables. Referral to a qual- 
ified dietitian to assist the patient in establishing an individualized, 
realistic meal plan is essential. Because changing dietary habits is 
difficult, frequent follow-up will increase the likelihood of long- 
term positive outcomes of good glycemic control and prevention of 
short- and long-term complications. 
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CHAPTER 27 


Metabolic Implications of Exercise and Physical Fitness 


in Physiology and Diabetes 
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Mladen Vranic 


Exercise has long been considered beneficial in the treatment of dia- 
betes mellitus. Its therapeutic usefulness was widely recognized by 
physicians in the nineteenth and early twentieth centuries. Following 
the discovery of insulin, Joslin and coworkers! and others recom- 
mended exercise as one of three basic principles in the management 
of diabetes. In the last two decades, many studies employing mod- 
em technology have investigated the relationship between fitness 
and metabolic control in diabetes. The rationale for the use of exer- 
cise as part of the treatment program is much clearer in type 2 dia- 
betes mellitus (T2DM) than in type 1 diabetes mellitus (TIDM). 
Thus, exercise is not currently regarded as a necessary management 
component for every diabetic individual, as it was in the past. Be- 
cause physical exercise is related to improved quality of life, an as- 
sumption that has been made since classical Greek civilization, and 
has beneficial effects on the cardiovascular system, metabolic con- 
trol should not be the only criterion by which to judge the benefits of 
a training program for diabetic patients. 

A distinction must be made between the effects of acute exercise 
and those of physical training. For the body to meet the acute oxygen 
and fuel requirements of physical work and still minimize the de- 
viations from homeostasis, metabolic, circulatory, and temperature- 
controlling adaptations are necessary. These short-lived regulations 
vary with the type, intensity, and duration of exercise; the muscles 
used; and a variety of environmental factors, such as physical condi- 
tion and nutritional state. In contrast, the changes induced by physi- 
cal training are long-term adaptations resulting from regularly per- 
formed exercise. In addition to improvements in work capacity, these 
chronic adaptations may also change the metabolic parameters 
during both rest and exercise. By nature, both local (muscular) and 
systemic effects of physical training are chronic and continue to be 
demonstrable for variable periods after physical exercise has 
stopped. Significant advances have been made in understanding the 
hormonal and substrate regulation of glucose fluxes during exercise 
in physiology and diabetes. This chapter highlights recent progress. 


PHYSIOLOGY OF FUEL METABOLISM 
DURING EXERCISE 


The increase in energy demand during exercise necessitates an ac- 
celerated flow of carbohydrate and fat from their storage sites to 
the energy-transducing machinery in the working muscle. To a 


lesser extent, amino acids may be used as fuel, particularly whe 

the availability of other substrates becomes limited. During th 

transition from rest to moderate-intensity exercise, the muscl 

shifts from using primarily free fatty acids (FFAs) to using a blen 
of FFAs, glucose, and muscle glycogen. During the early stages o 
exercise, muscle glycogen is the chief source of energy. With pro 
longed duration of exercise, the contributions of circulating glu 

cose and, particularly, of FFAs, become increasingly important, a: 
muscle glycogen gradually depletes. In addition, the origin of cir- 
culating glucose shifts from hepatic glycogenolysis to gluconeoge- 
nesis, as intrahepatic mechanisms channel a greater portion of the 
three-carbon molecules taken up by the liver into glucose.’ With in- 
creasing exercise intensity, the balance of substrate usage shifts to a 
greater oxidation of carbohydrates.* Although the metabolic re- 
sponse to exercise will be influenced by such factors as nutritional 
state, age, type of exercise, and physical condition, the contribution 
of each specific substrate will always depend on work intensity and 
duration. Specific aspects of substrate metabolism can be defined 
in terms of three functional aims discussed as follows. 


Preserving Glucose Homeostasis 


Endogenous glucose production (GP) is so closely coupled to the 
exercise-induced increase in muscle glucose uptake that circulating 
glucose levels are generally not perturbed even though large incre- 
ments in glucose usage may be present. Under certain conditions, 
however, blood glucose concentration may deviate from resting 
levels even in norma! subjects. During prolonged exercise, gradu- 
ally diminishing carbohydrate stores often result in a fall in blood 
glucose levels, whereas during heavy exercise, a rise in glycemia 
can ensue. as GP may exceed glucose metabolism. 


Metabolizing the Most Efficient Substrate 


Metabolic Efficiency 

During high-intensity work when adenosine triphosphate 
(ATP) hydrolysis is accelerated and O, availability may be limited, 
carbohydrates are the preferred substrate. Generation of ATP from 
glucose oxidation in the cytoplasm occurs more rapidly than from 
fat oxidation in the mitochondria. Furthermore, since glucose car- 
bon atoms are already partially oxidized compared to the highly 
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saturated carbon skeleton of fats, they require less oxygen for com- 
plete metabolism. Hence, when oxygen availability is limited, such 
as during heavy exercise, glucose is the most efficient fuel. 


Storage Efficiency 

Low-intensity exercise that can potentially be sustained for 
long intervals is characterized by a preference for fat oxidation. 
Under these circumstances, speed and efficiency of energy trans- 
duction become secondary to fuel storage efficiency. Differences 
in the degree of saturation of FFAs and glucose carbons predict 
that twice as much energy can be gained from the oxidation of 
triglycerides than an equal quantity of glycogen. In addition, 
while glycogen is stored with water, fats are immiscible with 
water and are stored in pure form. Hence, the economy of fat stor- 
age makes this fuel the most efficient for muscular activity of long 
duration. 


Delaying Exhaustion 


Fatigue during exercise that is not limited by the cardiopulmonary 
system is probably due to muscle glycogen depletion.’ To preserve 
muscle glycogen, a number of processes are accelerated. Glycerol, 
lactate, pyruvate, alanine, and other amino acids are channeled into 
the gluconeogenic pathway at an increased rate, thereby conserv- 
ing carbon-based compounds. The contribution of FFA oxidation 
to total energy needs increases, thus sparing muscle glycogen. To a 
far lesser extent, branched-chain amino acid and ketone body oxi- 
dation will also increase. Prolonged exercise necessitates that extra- 
muscular substrates be mobilized and made available to the work- 
ing muscle with the goal of delaying muscle glycogen depletion. 
The rate at which these alternate substrates are used, however, must 
also preserve glucose homeostasis and allow for optimal metabolic 
efficiency. 


REGULATION OF SUBSTRATE METABOLISM 
DURING EXERCISE 


Control of the optimal substrate balance during exercise is 
achieved largely by the combined actions of insulin, glucagon, and 
the catecholamines (Fig. 27-1). In general, decreased insulin secre- 
tion and increased glucagon, catecholamine and cortisol secretion, 
among other hormones, characterize exercise. The signal for these 
hormonal and neural changes has been postulated to be increased 
afferent nerve activity originating at the working limb and splanch- 
nic bed, a deficit in fuel availability, and/or neural feed-forward. In 
addition to hormonal factors, it is likely that other parameters, such 
as neural outflow originating in the central nervous system, blood 
flow shifts, and subtle changes in glycemia or the metabolic state, 
play a role in control of fuel metabolism during exercise. 


Regulation of Endogenous Glucose Production 


The interaction of increased glucagon and decreased insulin is the 
primary mechanism by which increases in hepatic glycogenolysis 
and gluconeogenesis are coordinated with the increase in glucose 
uptake during moderate-intensity exercise. For reasons that are 
discussed, it is possible that endogenous GP is regulated differently 
during high-intensity exercise. 

Studies in humans using the pancreatic clamp technique show 
that simultaneously preventing the increase in glucagon and de- 
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FIGURE 27-1. Hormonal control and the interaction between the brain, 
liver, muscle, and fat cell in control of glucose homeostasis. It is indicated 
that glucagon/insulin interaction mainly controls hepatic glucose produc- 
tion, while epinephrine/insulin interaction controls peripheral glucose up- 
take, but the main role of the latter could be indirect through contro] of 
lipolysis in adipocytes (FFA—glucose cycle.) 


crease in insulin leads to a fall in glucose ranging from about 
25-50 mg/dL over the course of 1 hour.”"'! This fall in blood glu- 
cose can occur despite a large compensatory increase in cate- 
cholamines. From these studies, it is apparent that changes in 
glucagon and/or insulin are essential to the maintenance of glucose 
homeostasis during exercise. These studies were extended by work 
in exercising dogs, and later in humans, that assessed the specific 
role of changes in insulin and glucagon.*'! To selectively deter- 
mine the role of the glucagon increment during moderate exercise 
in the dog, somatostatin was infused to suppress endogenous pan- 
creatic hormone release, and insulin was replaced intraportally at 
basal rates at rest and with the normal fall in this hormone simu- 
lated during exercise.’ Circulating glucose levels were clamped to 
prevent the confounding influence of hypoglycemic counterregula- 
tion. These studies showed that about 60% of the exercise-induced 
increment in GP is controlled by glucagon. This was consistent 
with findings in humans, showing that the rise in glucagon is nec- 
essary for glucose homeostasis during moderate exercise.'’ Studies 
in the dog also showed that the rise in glucagon is necessary for the 
full increment in both hepatic glycogenolysis and gluconeogenesis 
(Fig. 27-2).° This stimulatory effect of glucagon on gluconeogene- 
sis was due to an accelerated rate of gluconeogenic precursor ex- 
traction by the liver and enhanced channeling of precursor to glu- 
cose within the liver. 

The role of the decrease in insulin level during moderate exer- 
cise was first ascertained in the dog by infusing insulin in the portal 
vein at a rate that prevented the fall in this hormone.'* Glucose lev- 
els were clamped throughout the exercise period in these studies. 
When the fall in insulin was selectively eliminated, the increase 
in hepatic GP was impaired due to an attenuation of hepatic 
glycogenolysis. The fall in insulin was calculated to control 55% 
of the increase in hepatic GP. The importance of the fall in insulin 
was subsequently confirmed by a study in human subjects showing 
that selectively preventing the exercise-induced fall in insulin using 
the pancreatic clamp technique led to a more expeditious fall in 
blood glucose.'! In the dog, when the fall in insulin was prevented 
and glucose levels were not clamped, counterregulation (i.e., ex- 
cessive catecholamine, glucagon, and cortisol increases) prevented 
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cise alone (shaded area), exercise with somatostatin 
plus simulated glucagon and insulin (solid line). and 
somatostatin plus basal glucagon and simulated insulin 
(dashed line) on (A) gluconeogenic conversion from 
alanine, (B) intrahepatic gluconeogenic efficiency 
from alanine, and (C) hepatic fractional alanine extrac- 
tion. The exercise-induced increment in glucagon en- Net 


hances gluconeogenesis by stimulating the gluco- Hepatic 
neogenic precursor extraction by the liver and Alanine 
channelling into glucose within the liver. Data are Fractional 

Extraction 


mean + SE. (Reprinted with permission from Wasser- 
man DH, Williams PE. Lacy DB, et al: Exercise- 
induced fall in insulin and hepatic carbohydrate me- 
tabolism during muscular work. Am J Physiol 7989: 
256: E500.) 


severe hypoglycemia by stimulating hepatic glycogenolysis and 
gluconeogenesis. Thus, while the fall in insulin plays an important 
physiologic role in the liver, effective counterregulation can par- 
tially compensate for the absence of the exercise-induced decrease 
in this hormone, and minimize the fall in glucose. 

From the previous discussion, it is evident that coordinated 
and reciprocal changes in glucagon and insulin play important 
physiologic roles in accounting for virtually the entire increments 
in hepatic glycogenolysis and gluconeogenesis during moderate- 
intensity exercise. While changes in glucagon and insulin are indi- 
vidually very important, several lines of evidence indicate that it 
is the interaction of these changes that is the most critical. First, al- 
though changes in glucagon and insulin are both well correlated to 
the increase in endogenous GP, the ratio between glucagon and 
insulin exhibits the strongest correlation to this variable.”* Second, 
the glucagon increment controls about fourfold more of the incre- 
ment in GP when insulin is allowed to fall, compared to when it 
is maintained at basal levels. Hence, during exercise, as is the 
case at rest, a fall in insulin sensitizes the liver to the effects of 
glucagon. Third, the fall in insulin has no effect on endogenous 
GP when biologically active glucagon levels are suppressed using 
somatostatin. 

It seems that epinephrine is unimportant in controlling endoge- 
nous GP during moderate-intensity exercise.° Human subjects who 
were adrenalectomized for treatment of Cushing’s disease or bilat- 
eral pheochromocytoma had a normal increase in GP during 60 min- 
utes of moderate-intensity exercise, even though the changes in 
pancreatic hormone levels were similar to those in normal con- 
trols.'* Moreover, the increase in epinephrine plays only a minor 
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role in stimulating the increase in GP with moderate-intensity exe: 
cise in the dog and appears to occur only during the later stage c 
prolonged exercise (>120 minutes).° Because of this, and the fac 
that it coincides with a diminished arterial lactate response, one ca 
speculate that the effect of epinephrine is to facilitate glucc 
neogenic substrate mobilization from peripheral sites. This hypc 
thesis is supported by the increased importance of epinephrine t 
glucoregulation in fasted rats, who are far more reliant on glucc 
neogenesis.!° 

A role for hepatic nerves in the stimulation of endogenous G 
during exercise has been proposed based on two premises. First, a 
increase in hepatic glycogenolysis is evident during stimulation c 
the anterior hepatic nerve plexus, presumably caused by activatio 
of sympathetic nerves.'° Second, the increase in endogenous G 
that occurs with exercise is more rapid than changes in arteri: 
glucagon, insulin, and epinephrine levels.'® Despite circumstantiz 
evidence that seems to implicate the sympathetic nerves, a role dui 
ing moderate exercise remains to be established. Combined a- an 
R-adrenergic blockade does not impair the increase in hepatic G. 
during moderate exercise in humans,!” implying that sympatheti 
drive is unimportant in this process. In addition, surgical hepati 
denervation does not affect the increment in endogenous GP i 
rats," dogs,’? or humans.” It has recently been shown that sympz 
thetic nerve blockade to the liver and adrenal medulla using loc: 
anesthesia of celiac ganglion in humans has no effect on the ir 
crease in hepatic GP.'° 

In humans, the hepatic response to high-intensity exercise an 
the regulation of this response are different from exercise of lesse 
intensity. The main difference in glucoregulation is that the ir. 
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crease in GP is maximal, and no longer matches, but exceeds the 
rise in glucose utilization.” This results in an increase in arterial 
glucose levels that extends into the postexercise state. In addition, 
insulin secretion is not suppressed and it is markedly increased in 
the postexercise period, facilitating recovery of muscle glycogen. 
Since a single bout of high-intensity exercise can only be sustained 
for a short interval, it is likely that the additional glucose released 
by the liver originates from liver glycogen. It has been hypo- 
thesized by Marliss and associates that during exercise of high in- 
tensity, there may be a shift in the control of GP away from the 
pancreatic hormones to the catecholamines.”” Most research indi- 
cates that catecholamines are unimportant in controlling hepatic 
GP during moderate-intensity exercise. However, during strenuous 
exercise, norepinephrine and epinephrine can increase by 10- to 
20-fold, whereas the increase in the glucagon to insulin ratio is 
very small.” 

Using octreotide (a somatostatin analogue), the endogenous 
secretions of insulin, glucagon, and growth hormone were sup- 
pressed and replaced by infusion of the three hormones (islet and 
growth hormone clamp). Despite prevention of increases in growth 
hormone and glucagon and decrease of insulin, increments of glu- 
cose production were not affected. This strongly supports the no- 
tion that catecholamines are the primary regulators of glucose pro- 
duction during exercise in normal humans.” During moderate 
exercise glucose infusions inhibit GP, presumably by stimulating 
insulin release and suppressing glucagon secretion. In contrast, 
during strenuous exercise endogenous GP is partially preserved, 
despite glucose infusions or the postprandial state, supporting the 
role of catecholamines rather than the glucagon/insulin ratio.**"> 
An additional argument is that epinephrine and norepinephrine in- 
fusions during moderate exercise can substantially increase GP, 
thus mimicking the effects of strenuous exercise.” Nevertheless, 
human studies that have attempted directly to assess the role of 
catecholamines in stimulating hepatic GP during heavy exercise 
(> 80% maximum O, uptake) have been negative. '° A recent study 
in dogs showed that complete blockade of a- and B-adrenergic re- 
ceptors, specifically at the liver, had no effect on high-intensity ex- 
ercise that resulted in a twofold increase in hepatic norepinephrine 
spillover.” However, the exercise was much less intense in these 
human and dog studies than in those reported by Marliss.”* It re- 
mains to be explored whether nonadrenergic or noncholinergic 
mechanisms could also be involved. 

The question of whether the GP increment in humans during 
strenuous exercise is regulated by a- and B-catecholamine receptors 
was studied by Marliss’s group in healthy subjects in whom a com- 
plete B-blockade was achieved during exercise at 87% V max è The 
GP increment was not suppressed by B-blockade, but actually rose 
twofold more than controls, attributed to an excessive and “un- 
masked” a-adrenergic effect that can also stimulate hepatic GP.” It 
is unknown whether GP might be increased in strenuous exercise 
through an additive effect of both catecholamine receptors, al- 
though this is feasible since a-effects can increase glycogenolysis 
through Ca?* and protein kinase C, whereas B-effects work through 
cAMP and protein kinase A signaling mechanisms. Blockade of 
a-receptors also does not decrease GP, suggesting that enhanced 
B-effects maintain GP unchanged.” 


Regulation of Fat Metabolism 


Moderate exercise is typically associated with an approximate 
10-fold increase in fat oxidation due to increased energy expendi- 


ture coupled with greater FFA availability. Lipolysis, assessed by 
the increase in arterial glycerol concentration and isotopic tech- 
niques, increases with the onset of moderate exercise.” Arterial 
FFA levels increase gradually. The slower time course for the rise 
in plasma FFA levels reflects an increase in clearance of this fuel 
by the working muscle.” The increase in FFA availability is 
largely due to an increase in lipolysis from adipose tissue triglyc- 
erides. In addition, the percentage of released fatty acids that are 
reesterified is decreased by 50%,” presumably because of alter- 
ations in blood flow that facilitate the delivery of fatty acids from 
adipose tissue to working muscles. 

FFA release from adipose tissue is regulated primarily by the 
actions of insulin and the catecholamines. When the exercise- 
induced fall in insulin is prevented in dogs® and humans,'! the 
increase in FFA levels is prevented. In the dog, this effect is ac- 
companied by an attenuated rise in arterial glycerol. Adipocytes 
taken from human subjects following exercise have an increased 
lipolytic responsiveness to catecholamines, which is mediated 
through B-adrenergic mechanisms and occurs without an in- 
crease in the binding of the B-receptor-specific catecholamine, 
'?51-cyanopindolol.*! 

In contrast to the role of FFA mobilization from adipose tissue 
during moderate-intensity exercise, its role during high-intensity 
exercise is considerably less important. Despite the increased 
adrenergic drive that is present during high-intensity work, the ar- 
terial FFA level in plasma decreases. A diminished lipolytic re- 
sponse and increased rate of reesterification to the diminished in- 
crease in FFA mobilization could lead to a decrease in FFA 
availability. Stimulation of adipocytes’ B-adrenergic receptors is 
negatively coupled to adenylate cyclase and decreases lipolysis. 
The decrease in FFA mobilization during high-intensity exercise 
may be due to stimulation of B-adrenergic receptors by the high ep- 
inephrine concentrations that occur under these conditions.” In- 
creased reesterification of FFAs due to excessive lactate levels dur- 
ing high-intensity exercise has been proposed as a possible reason 
for the decrease in FFA availability. This is consistent with the ob- 
servation that blood glycerol levels may still rise during heavy ex- 
ercise even when FFAs are not increased. It is also possible that in- 
creased blood glycerol levels are due to release from triglycerides 
within the working muscle. FFAs that are liberated in the process 
are oxidized locally, within the muscle. 

With regard to the possible role of intramuscular triglycerides 
stores during exercise, there is a large body of evidence suggesting 
that they may represent an important metabolic substrate.” Esti- 
mates of the oxidation of intramuscular fat stores that were calcu: 
lated indirectly using whole-body isotopic methods suggest that in- 
tramuscular fats provide more than 50% of the total fat oxidizec 
during exercise™ and muscle contraction.” Results obtained using 
muscle biopsies or arteriovenous differences, however, generally 
cannot account for such a large contribution of muscle fat store: 
during exercise.*° 

The increase in ketogenesis that occurs with prolonged exer 
cise seems to be in large part due to the increased lipolytic rate anı 
consequent increase in FFA delivery to the liver. When the increas: 
in FFA levels is abolished either by preventing the fall in insulin® o 
by B-blockade,'’ ketone body levels do not rise. In addition to he 
patic FFA delivery, the exercise-induced rise in glucagon appear 
to be necessary for the full increase in ketogenesis.° The ketogeni 
effect of glucagon that occurs without altering net hepatic FFA ug 
take indicates that glucagon stimulates this process at a site withi 
the liver. 
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Control of Muscle Glycogenolysis 


Muscle glycogen is an important local fuel during the early stages 
of exercise. With prolonged duration of exercise, glycogen stores 
decline in working muscle and glycogenolysis is stimulated in in- 
active muscle fibers. In these muscles, glycogen is metabolized to 
lactate, where it is released and then delivered to the liver to be 
used in the gluconeogenic pathway. Increasing work intensities ac- 
celerate the rate of glycogen breakdown in contracting muscle. 
Glycogen breakdown is regulated by the rate-limiting enzyme 
glycogen phosphorylase. Phosphorylase is phosphorylated by 
phosphorylase kinase, creating the active form of the enzyme, 
phosphorylase a. The enzyme is dephosphorylated to its inactive 
form, phosphorylase h, by phosphorylase phosphatase. It is inter- 
esting, however, that although muscle glycogenolysis increases 
with increasing workload, there is no increase in phosphorylase 
transformation to its active form.*’ This suggests that allosteric 
regulators, such as AMP and inorganic phosphate, allow for glyco- 
gen phosphorylase to be matched to energy demands. Studies using 
B-adrenergic blockade indicate that catecholamines play a major 
role in mobilization of muscle glycogen during exercise.® Studies 
in the isolated rat hindlimb indicate that in addition to epinephrine, 
contraction per se can stimulate muscle glycogenolysis even in the 
complete absence of catecholamines.*® Intracellular cAMP levels 
mediate the activation of phosphorylase a and the stimulation of 
muscle glycogenolysis by catecholamines. It appears that contrac- 
tion causes the events by releasing calcium from the muscle sar- 
coplasmic reticulum. 


Exercise-Induced Muscle Glucose Uptake 


Muscle glucose uptake is closely regulated by hormonal and non- 
hormonal mechanisms (Fig. 27-3). Kinetic analyses of glucose up- 
take conducted in vivo® and in vitro*’*! generally indicate that the 
maximal velocity (Vmax) for this process is increased by exercise 
without affecting the Michaelis-Menten constant (Km) (Fig. 27-4). 
The K,, for glucose oxidation by the working limb is the same as 
for glucose uptake, implying that both processes are controlled at 
the same step.° Stimulation of muscle glucose uptake by exercise 
depends, as it does for insulin and other regulators of glucose up- 
take, on the muscle interstitial to intracellular glucose gradient 
(transport gradient) and the permeability of the sarcolemma to glu- 
cose. Exercise increases muscle glucose transport dramatically 
while maintaining the transport gradient. Both effects of exercise 
are obviously critical for muscle glucose uptake and are described 
below. 


Glucose Transport Gradient 

The glucose transport gradient is determined by the rate that 
glucose is delivered to the muscle and the rate that free glucose 
transported across the sarcolemma is cleared once it is inside the 
cell. It is important to recognize that muscle interstitial glucose 
would fall precipitously and the glucose transport gradient would 
be insufficient to sustain glucose uptake if it were not for a marked 
increase in muscle blood flow that replenishes the interstitial glu- 
cose as it enters the working muscle. The increase in muscle blood 
flow is due to an increase in cardiac output and local vasodilation 
of the arterioles to the working muscle and is directly related to 
work rate.*? The capillary endothelium is permeable to glucose and 
is not a limiting factor in supplying glucose to the working muscle. 
The diffusion distance to the sarcolemma, once glucose exits the 
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FIGURE 27-3. Pathways regulating glucose transport in skeletal mus 
during exercise. Pathways of glycolysis. glycogenolysis. lipolysis, 
oxidation, and oxidative phosphorylation are shown in outline. The circl 
numbers refer to the following sequence of metabolic events: (1) the relea 
of acetylcholine from motor neurons, (2) the activation of muscle contra 
tile activity, (3) the increase in ATP turnover leading to a decrease in t 
molar ratio of ATP/ADP X Pi, and (4) the increased mitochondrial oxid 
tion of reduced coenzymes. This leads to an increased oxidation of acety 
CoA deriving from glucose or fatty acids. A decrease in the levels 
glucose-6-phosphate might enhance extracellular glucose uptake mediat 
via cytochalosin 8-inhibitable glucose transporters. Thus. in the absence 
extracellular insulin, contraction triggers extracellular glucose uptake v 
insulin-independent pathways. Note that there are at least three sources fi 
endogenous FFAs in muscle: plasma FFAs, plasma triglycerides associate 
with lipoproteins (LPL, TG), and endogenous triglycerides. The thick a 
rows delineating the pathways of FFA oxidation emphasize the fact th 
fatty acids are the principal substrates oxidized by muscles at rest and du 
ing prolonged exercise. If FFAs are present in excess (such as in diabetes 
they retro-inhibit glucose oxidation. Likewise, if fatty acid oxidation is i1 
hibited (by drugs such as methylpalmoxirate or by anaerobic conditions 
then glucose oxidation is increased. Although the detailed biochemic: 
mechanism of the FFA-glucose cycle remains to be determined. it is hypc 
thesized that this cycle is more important for the regulation of glucose me 
tabolism in red oxidative muscle than in white glycolytic muscles. (Thi 
scheme is kindly provided by Dr. L. Bukowiecki of Laval University Schac 
of Medicine, Quebec.) 


NAD 


capillary, however, may be critical. Fast-twitch fibers have a lov 
capillary density and are poorly perfused; therefore, the diffusior 
distance is greater in fast-twitch than slow-twitch fibers that ari 
well perfused. One would predict that at equivalent rates of muscli 
glucose transport, glucose concentration at the sarcolemma of fast 
twitch muscle, and therefore the glucose transport gradient, woul 
be lower than it is in slow-twitch fibers. It may, in part, be for thi 
reason that fast-twitch muscle fibers are not able to sustain rates o 
glucose uptake as high as slow-twitch fibers.” 

The importance of glucose supply to working muscle is sup 
ported by several observations. First, there is a close correlation o 
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FIGURE 27-4. Dose-response relationship between glucose concentration 
and glucose transport in apilrochlearis muscle at rest, during contractions 
(48 twitches/min), incubated in the presence and absence of insulin (10 mU/ 
mL). Also shown are the rates of nonfacilitated glucose diffusion abtained 
by incubating the muscle in the presence of cytochalasin 8 (50 uM). Note 
that both insulin and contractile activity increase the apparent V max without 
significantly changing the apparent Km (5-8 mmol). (Reprinted with per- 
mission from Nesher R, Korl IE, Kipris KM. Dissociation of the effect(s) of 
insulin and contraction on glucose transport in rat epitrochlearis muscle. 
Am J. Physiol. /985;249:C226) 


muscle blood flow to glucose uptake by the working human 
limb.“*** Second, an increase in perfusion of the isolated rat 
hindlimb is necessary for the full contraction-induced glucose up- 
take in this preparation.“ Finally, increasing blood glucose supply 
by creating hyperglycemia with an intravenous glucose infusion re- 
sulted in a marked increase in limb glucose uptake in the exercising 
dog, even when hyperinsulinemia was prevented using somato- 
statin.® The exercise-induced increase in glucose delivery is so ef- 
fective at maintaining interstitial glucose that an increase in muscle 
fractional glucose extraction is not required for the increase in 
muscle glucose uptake. 

The muscle intracellular free glucose concentration determines 
the “downward” slope of the glucose transport gradient. As a con- 
sequence, the ability to metabolize glucose critically determines 
the glucose flux across the sarcolemma. The first step in glucose 
metabolism is phosphorylation by hexokinase II. In addition to 
maintaining intracellular glucose concentration low, glucose phos- 


phorylation is important because the product, G6P, cannot exit the 
cell and is the substrate for subsequent glucose metabolism. Al- 
though glucose uptake is probably rate-limited by glucose trans- 
port at rest, there is evidence that glucose phosphorylation be- 
comes limiting if glucose transport is stimulated to a critically high 
level of G6P, which inhibits hexokinase II.*”-*’ Not only are mus- 
cle glucose delivery and transport elevated during exercise, but 
glycogenolysis is high, flooding the G6P pool. The consequence is 
a greater role for glucose phosphorylation in control of muscle glu- 
cose uptake during exercise.’'*? Figure 27-5 illustrates how over- 
expression of hexokinase II improves the ability to consume the 
2-deoxyglucose in mice and how a glycogen-depleting fast can en- 
hance the uptake of this glucose analog even further, presumably 
by reducing the size of the G6P pool.” Conversely, the importance 
of muscle glycogenolysis as a factor controlling muscle glucose 
uptake is reflected by the high G6P concentration and attenuated 
increase in contraction-stimulated glucose transport in perfused rat 
hindlimb muscle with a high initial glycogen mass." This concept 
is further supported by results from human subjects’ cycling after a 
single leg has been glycogen-depleted by prior exercise.” The limb 
with glycogen-depleted muscle has a higher net rate of glucose 
uptake and lower muscle G6P levels than the contralateral control 
limb. 


FIGURE 27-5. [2-7H]DGP content in soleus, gastrocnemius (gastroc), vas- 
tus lateralis (vastus), and diaphragm normalized to brain [2-7H]DGP con- 
tent after a 30-minute sedentary period (A), or a 30-minute treadmill exer- 
cise period in 5-hour fasted (B) or 18-hour fasted (C) mice overexpressing 
hexokinase II or wild-type litter mates. Data shown are mean + SE; n = 8 
and 6 for sedentary wild-type and transgenic, n = 8 and 12 for 5-hour 
fasted exercise wild-type and transgenic, and n = 6 and 6 for 18-hour fasted 
wild-type and transgenic. *Indicates significantly greater [2-"7H]DGP con- 
tent in transgenic than wildtype (p < 0.05-0.005). 
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In contrast to the extensive work assessing exercise and glu- 
cose transport, very little is known regarding the effects of exer- 
cise on hexokinase II and glucose phosphorylation. There have 
been no positive allosteric regulators of hexokinase II identified. 
Therefore, enzyme compartmentation and mass are likely to be 
key regulatory factors. It has been shown in this regard that pro- 
longed, moderate exercise to exhaustion in the rat results in a 
small increase in the percentage of muscle hexokinase activity as- 
sociated with mitochondria.” Consistent with this is the observa- 
tion that chronic, low-frequency stimulation can lead to a redistri- 
bution of muscle hexokinase activity so that more of the enzyme 
is in an insoluble fraction.*° In marked contrast, however, is the 
demonstration that the percentage of hexokinase activity bound to 
mitochondria fell by about 80% in skeletal] muscles of horses run 
to exhaustion at 100% of their maximum oxygen uptake.” Based 
on the latter results, it was hypothesized that the reduction in 
bound hexokinase during high-intensity exercise was a result of 
the increase in muscle G6P that induced the release of hexokinase 
from mitochondria. 

Acute exercise has been shown to stimulate skeletal muscle 
hexokinase II gene transcription.” Interestingly, increases in gene 
transcription, >? mRNA,” © and protein synthesis°! with exer- 
cise or electrical stimulation of the nerve to a muscle precede and 
are larger for hexokinase II than GLUT-4. The increase in hexoki- 
nase activity lags behind the increase in hexokinase II mRNA™*! 
and may, therefore, be more significant to the persistent increase in 
insulin action following exercise or the adaptations that occur with 
training. 

Because G6P is such a potent inhibitor of hexokinase II activ- 
ity, the capacity to metabolize it is necessary for the accelerated 
rate of glucose phosphorylation required by the working muscle. In 
contrast to insulin-stimulated glucose utilization where glycogen 
formation is the primary fate of G6P, the muscle G6P formed dur- 
ing exercise is, at least in a net sense, metabolized entirely gly- 
colytically.©°* Consequently, the capacity for muscle glycolysis 
and glucose oxidation is a determinant of muscle G6P concentra- 
tion and, as a result, glucose uptake. 


Sarcolemma Glucose Transport 

Exercise is associated with an increase in glucose transporter 
number in sarcolemma*”**** and specifically at T tubules® iso- 
lated from rat skeletal muscle. It has been proposed that the intrin- 
sic activity of the glucose transporter is also increased in sar- 
colemma from exercised rats.” The finding of increased intrinsic 
activity, however, is probably a consequence of measuring glucose 
transporters that are both accessible and inaccessible to extracellu- 
lar glucose.” Studies using a photo-label that identifies only 
GLUT-4 accessible to extracellular glucose has shown that the ex- 
ercise-induced increase in glucose transport can be explained en- 
tirely by an increase in sarcolemma GLUT-4 number.””! The in- 
creased transporter number is due specifically to an increase in 
plasma membrane GLUT-4, as plasma membrane GLUT-1, the 
other isoform found in muscle, is unaffected by exercise.” The 
increase in plasma membrane GLUT-4 in response to exercise is, 
like that due to insulin stimulation, a result of an increase in 
translocation from an intracellular pool. 

The studies just described show that an increase in glucose 
transport is clearly important to muscle glucose uptake and metab- 
olism during exercise and that GLUT-4 is the protein responsible 
for the increase in glucose transport. The importance of other regu- 
latory factors, however, is clearly exemplified during submaximal 
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work by the negative correlation between rate of whole body gl 
cose utilization and muscle total GLUT-4 in humans.”* This seer 
ingly paradoxical relationship can exist since muscles rich 
GLUT-4 also have metabolic properties that make them better ab 
to derive energy from fats and therefore require less glucose. T] 
higher muscle total GLUT-4 levels better enable an individual 
meet the challenges of maximal exercise. However, “glucos 
sparing” mechanisms take precedence at submaximal work rate 
As a consequence, there is less muscle glucose uptake even thoug 
the key glucose transport protein is more abundant. 

Important advances in how contraction triggers the increases i 
GLUT-4 translocation and muscle glucose uptake have been mac 
over the last several years. As discussed as follows, the mechanis1 
for the increase is clearly different from that of insulin. A hypothe 
sis that is gaining growing support is that the exercise-induced ir 
crease in muscle AMP stimulates AMP kinase, which then cause 
an increase in muscle glucose uptake.’° This is supported by th 
demonstration that the pharmacological agent 5-aminoimadazole 
4-carboxamide 1-L]-p-ribfuranoside (AICAR) activates AMP ki 
nase and has a stimulatory effect to increase uptake in perfused ra 
hindlimb” and isolated muscle.” As is the case with muscle con 
traction, AICAR appears to activate muscle glucose uptake b: 
GLUT-4 translocation.” 

In addition to the stimulation of AMP kinase by AMP, Ca” 
and nitric oxide (NO) have also been proposed to mediate the 
exercise-induced increase in muscle glucose uptake. Because in 
creased cytoplasmic Ca?* is an essential part of the contractior 
process and is involved in many aspects of intracellular metabolic 
regulation, it has been proposed that deficient depancreatized dog: 
is increased by only 25-50% of the response seen when insulir 
is replaced.” The reason for the difference between studies in 
isolated muscle and studies in the whole organism is that insulin 
acts indirectly to maintain a metabolic state that is conducive to 
exercise-stimulated glucose uptake in vivo. This is exemplified by 
studies that show that if characteristics of chronic insulin defi- 
ciency (e.g., enhanced nonesterified fatty acid levels, elevated cat- 
echolamines) are minimized, insulin-independent mechanisms are 
sufficient to stimulate glucose utilization in vivo. Consistent with 
this hypothesis, B-adrenergic blockade during exercise suppresses 
FFA levels and increases the impaired rise in glucose utilization 
present in diabetes.**** Somatostatin has been used to create an 
acute insulin deficiency in dogs, since in combined insulin and 
glucagon deficiency, a time period exists when the animal is not 
hyperglycemic or hyperlipidemic.” Under these conditions, the 
contribution of insulin-independent mechanisms to the exercise- 
induced increase in whole-body glucose utilization, limb glucose 
uptake, and limb glucose oxidation in dogs ranges from 50-70%. 
The contribution of insulin-independent mechanisms has also 
been estimated in humans by the extrapolation of data obtained in 
humans during insulin clamps to a theoretical insulin value of 
zero.™ These estimates suggest that virtually all of the exercise- 
induced increases in glucose uptake and carbohydrate oxidation 
are insulin-independent. Taken together, in vivo and in vitro ex- 
periments consistently show that muscular work is a potent stimu- 
lus for insulin-independent glucose uptake and metabolism when 
severe insulin deficiency is not present. 

The cell-signaling pathway of contraction-stimulated glucose 
transport is distinct from that for insulin-stimulated glucose trans- 
port. Although the increase in plasma membrane transporters in re- 
sponse to both insulin and exercise results from an increase in 
translocation of GLUT-4, these stimuli recruit GLUT-4 from differ- 
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ent intracellular pools.**7*** Evidence that cell signaling for glu- 
cose uptake is different for exercise and insulin is supported by the 
demonstration that these two stimuli are functionally additive," 
as are the corresponding increases in GLUT-4 translocation.”°7"* 
Moreover, electric stimulation of rat skeletal muscle in situ does not 
lead to the phosphorylation of proteins involved in insulin signaling, 
such as insulin receptor substrate- 1," PI 3-kinase,** Akt2 kinase,*” 
Akt3 kinase,” and p70™*.™ In addition, wortmannin, an inhibitor an 
insulin of PI 3-kinase, eliminates insulin-stimulated glucose trans- 
port but does not impair’'°!”? contraction-stimulated glucose trans- 
port in isolated rat skeletal muscle. 

In further support of unique mechanisms for insulin- and 
contraction-stimulated glucose transport is the demonstration that 
physiologic and pathologic factors can affect them differently. High- 
fat feeding” and maturation™ both decrease insulin-stimulated 
skeletal muscle glucose uptake, without diminishing contraction- 
stimulated glucose uptake. Furthermore, muscles isolated from the 
obese Zucker rat have diminished glucose transport and sarcolemma 
GLUT-4 with insulin stimulation, but respond normally to contrac- 
tion.**”° The differential effects of these conditions on insulin em- 
phasize that the insulin signaling pathway is ditferent from that stim- 
ulated by contraction. 


Modulation of Glucose Uptake by the Working 
Muscle by the Internal Milieu 


The preceding discussion describes the basic mechanisms that con- 
trol muscle glucose uptake during exercise. Hormones and sub- 
strates in the circulation can further regulate this response. The fol- 
lowing are some of the means by which humoral factors influence 
the exercise response. 


Insulin Sensitivity of the Working Muscle 

In addition to the increase in insulin-independent glucose 
utilization during exercise, insulin sensitivity is also in- 
creased.°3*4-¥5-° Studies conducted in humans show that exercise 
and insulin stimulate glucose utilization and carbohydrate oxida- 
tion synergistically over a range of insulin doses by affecting both 
the Km of insulin and V max of these pathways.* The effects of this 
increase in insulin action are probably most important in the post- 
prandial state and in the intensively treated diabetic state when in- 
sulin levels can be higher than those that normally accompany ex- 
ercise. There is, nevertheless, an increased sensitivity of glucose 
uptake to the subbasal insulin levels present during exercise in the 
postabsorptive state.” Exercise also has a potent effect on the in- 
tracellular pathway for insulin-stimulated muscle glucose metabo- 
lism. The primary route of insulin-mediated glucose metabolism 
at rest’ and in the postexercise state” is nonoxidative metabolism. 
Acute exercise, however, shifts the route of insulin-stimulated glu- 
cose disposal so that all the glucose consumed by the muscle is 
oxidized." 

Several mechanisms have been proposed to explain how exer- 
cise enhances insulin action. These mechanisms can be classified 
as those that exert their effect on muscle indirectly through the hor- 
mone’s action at another site and those that act directly at the mus- 
cle. The increased blood flow to the working muscle increases the 
exposure of this tissue to circulating insulin and may reflect one 
mechanism for increasing insulin action on muscle indirectly!” 
The relationship between the exercise-induced increase in muscle 
blood flow and the increase in insulin sensitivity has been illus- 


trated by studies in the perfused rat hindlimb.*© Increasing the per- 
fusate flow augmented the effect of insulin on glucose uptake 
when the hindlimb muscles were stimulated to contract. If trans- 
endothelial insulin transport determines the kinetics of insulin ac- 
tion, as discussed elsewhere,'”! then the hemodynamic adjustments 
result in increased capillary surface area in the working muscle, 
which may enhance insulin action by increasing insulin transport 
across the endothelium. 

Exercise may also increase insulin-stimulated glucose utiliza- 
tion by a mechanism secondary to insulin’s suppressive effect on 
nonesterified FFA availability. The absolute magnitude of the in- 
sulin-induced suppression of plasma FFA levels and fat oxidation 
is greater during exercise. This may represent a second indirect 
mechanism by which exercise increases insulin action. The Km's 
for total carbohydrate and fat oxidation occur at similar insulin 
levels during exercise, suggesting that the greater stimulation of 
carbohydrate oxidation may be an essential response to a primary 
suppression of lipolysis." The interaction of circulating FFA con- 
centrations and muscle glucose uptake during exercise is described 
in a subsequent section. á 

Studies in humans’ and rats generally indicate that in- 
sulin binding affinity to skeletal muscle is unaffected by acute 
moderate exercise. Since insulin binding affinity is unaltered, it has 
been concluded that a step distal to binding must be altered.'°° It 
has been proposed that a postreceptor modification may be linked 
to the glycogen-depleting effect of exercise. One recent study 
showed that the ability of muscle contraction to enhance insulin- 
stimulated glucose uptake and transport in the perfused rat hind- 
quarter was eliminated by adenosine receptor blockade.” Adeno- 
sine receptor blockade had no effect during contraction in the 
absence of insulin. This suggests that the increased adenosine pro- 
duction that occurs in response to muscular work! plays a role in 
facilitating insulin action. 
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Effect of Circulating FFA Concentrations 

on the Working Muscle 

Insulin-stimulated muscle glucose uptake can be attenuated by 
elevated circulating FFAs concentrations. '®™!® A similar link be- 
tween elevated FFA and depressed muscle glucose uptake during 
exercise has also been shown in studies using arteriovenous differ- 
ence methods across the working human leg.’ A twofold increase 
in FFA concentrations elicited by infusion of a lipid emulsion re- 
duced leg glucose uptake from 30-60% during 60 minutes of knee 
extension in human subjects. This finding was supported by a study 
in the exercising dog that showed that reducing FFA levels by 
about 70% by suppressing lipolysis with nicotinic acid leads to an 
increase in whole-body glucose utilization and an approximately 
70% increase in limb glucose oxidation.''° The mechanism for the 
high FFA-induced impairment in glucose uptake by working mus- 
cle may be different than the one originally proposed by Randle 
and coworkers.''! Randle and colleagues proposed that fats im- 
paired muscle glucose uptake by metabolic feedback resulting 
from accumulation of metabolic intermediates involved in fat oxi- 
dation. During lipid infusion, glucose uptake by the working 
human limb was impaired during lipid infusion even though G6P 
was not increased." Moreover, increasing fat availability to work- 
ing human muscle by diet, triglyceride infusion''? does not de- 
crease pyruvate dehydrogenase activity or lead to an accumulation 
of citrate or acetyl-CoA in muscle biopsies. Taken together, these 
studies suggest that an increase in fat availability impairs glucose 
uptake in working muscle by a different mechanism. Since the in- 
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hibition of glucose uptake does not necessitate the buildup of G6P 
or metabolic intermediates downstream from this metabolite, the 
conclusion may be that elevated FFA levels inhibit muscle glucose 
uptake at either the glucose transport or glucose phosphorylation 
step. These findings are in agreement with studies that show that 
high FFA levels decrease whole-body glucose utilization during 
hyperinsulinemic euglycemic clamps without increasing G6P in 
resting human subjects.'!*'!4 


Effect of Decreased Oxygen Availability 

on the Working Muscle 

Excessive increments in muscle glucose uptake occur when 
O, availability is limited, such as exercise under anemic condi- 
tions,''’ when breathing a hypoxic gas mixture," or at high alti- 
tude.'!’ This occurs even when energy expenditure is no greater. 
Moreover, elevated rates of glucose uptake occur under these cir- 
cumstances even though insulin levels are no higher and cate- 
cholamines, which may be antagonistic to glucose uptake, are 
greater. These findings are consistent with studies, conducted in 
perfused''" rat skeletal muscle, that show the close relationship of 
hypoxia, and the consequent metabolic state, to glucose uptake. 
The mechanism that links muscle metabolism to glucose uptake 
remains to be identified. It is noteworthy, however, that hypoxia- 
stimulated and contraction-stimulated skeletal muscle glucose 
transport share common features and may, in fact, involve the same 
signaling steps. 


Effect of Adrenergic Stimulation 

on the Working Muscle 

Glucose uptake by working muscle may also be impaired when 
adrenergic stimulation is excessive. Epinephrine infusion inhibits 
tracer-determined whole-body glucose clearance in the exercising 
dog,'"? and a local infusion of epinephrine into an artery of one leg 
led to a reduction in leg glucose uptake compared to the contralateral 
leg during cycle exercise in humans.'*° Conversely, B-adrenergic 
receptor blockade increased whole-body glucose utilization''”!*” 
and oxidation!!”'?! and leg glucose uptake!!” in humans during 
cycling. One mechanism for the inhibitory effect of the cate- 
cholamines on muscle glucose uptake is the inhibition of hexoki- 
nase due to the increase in muscle G6P resulting from stimulation 
of glycogenolysis. The potential importance of this mechanism is 
illustrated by the 50% reduction in G6P that occured during B- 
adrenergic receptor blockade in the working muscle of humans." 
In addition, metabolic effects due to catecholamine-stimulated 
lipolysis (as discussed) may also be a factor.'!! 


Effect of Carbohydrate Ingestion on Glucose 
Metabolism During Exercise 


An important factor limiting exercise endurance is the depletion of 
endogenous carbohydrate stores. Many studies have indicated that 
glucose feeding during exercise was shown to improve exercise en- 
durance or allow resumption of exercise after exhaustion. The prin- 
cipal underlying mechanism for this improvement is probably re- 
lated to increased glucose availability to the working muscle. The 
prevention of neuroglycopenia is not likely to be the mechanism by 
which carbohydrate ingestion prevents fatigue since severe hypo- 
glycemia is not necessarily present at exhaustion. During exercise, 
moderate levels of hypoglycemia (consequent to liver glycogen de- 
pletion) induce marked glucagon and catecholamine responses, 
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further increasing the stimuli for muscle and liver glycogen breal 
down and expediting glycogen depletion. This cycle can be broke 
by carbohydrate ingestion. The amount, form, and timing of an ori 
carbohydrate load, along with the duration and intensity of exei 
cise, will determine how effectively glucose enters the blooc 
stream, thus becoming available to the working muscle. 

Multiple factors determine the metabolic availability c 
ingested carbohydrates. Two components are involved in the at 
sorption of an oral carbohydrate load: transit time through th 
small intestine and intestinal sugar absorption. Transit time throug 
the intestine is determined by gastric emptying and intestin: 
motility. Gastric emptying is influenced by the volume, osmolality 
temperature, energy content, acidity, and presence of specific nutri 
ents in the ingested meal. Of these, volume is the most potent acti 
vator of gastric emptying, whereas high carbohydrate concentra 
tions slow the emptying rate. The question of whether moderat 
exercise changes gastric emptying is controversial. The discrepan 
results may pertain to methodology or study design. Exercise a 
greater than 70% of the maximum oxygen uptake has consistenth 
been shown to slow gastric emptying.'** It is clear that specifi 
conditions that accompany intense exercise, such as dehydratio: 
and sympathetic nervous activity, may inhibit gastric emptying 
Generally, experiments show that small intestine transit time i 
increased by exercise. 

The direct effect of exercise on intestinal absorption has re 
ceived very little attention. Moderate-intensity cycling (aroun 
45% maximum oxygen uptake) has been shown to lead to a reduc 
tion in water and electrolyte absorption as determined using jejuna 
perfusion. !”* This finding is consistent with other work that showe: 
that the vascular appearance of ingested deuterium oxide was re 
duced by high-intensity exercise.'?° High intensity exercise re 
duces splanchnic blood flow in humans by as much as 70% durin; 
high-intensity exercise. '?° This hemodynamic change may, there 
fore, impair the absorption of ingested glucose. 

The metabolic availability of ingested carbohydrates has bee! 
assessed in numerous studies by spiking the oral load with suga 
labeled with isotopic carbon and measuring the appearance of th: 
isotope in expired CO). Initial studies were done using '*C-glucos: 
to trace the oxidation rate of ingested glucose. However, thes: 
studies underestimated exogenous glucose oxidation due to tech 
nical problems that arise from the extensive interval required fo 
the H,4CO3 to equilibrate with the endogenous HCO; stores. Iı 
subsequent years, the metabolic availability of ingested glucos: 
was measured using '*C-labeled sugars. Use of this label, on th 
other hand, has given rise to overestimates due to the presence o 
naturally occuring ‘°C label. Since the °C enrichment of glucos: 
is greater than fats, an increased contribution of carbohydrate t 
total fuel oxidation (as is seen during exercise) will result in an in 
crease in '°CO, production. Early work that did not consider th 
contribution of endogenous carbohydrates overestimated the rat 
of ingested carbohydrate oxidation. More recent work determine 
that the exact metabolic availability of ingested carbohydrate de 
pends on many factors related to the composition and quantity o 
the substrate load. In addition, exercise parameters (i.e., work in 
tensity, duration, modality) will also be an important determinan 
of how readily ingested glucose will be made available. As a con 
sequence, it is difficult to ascribe an exact efficiency for meta 
bolism of ingested glucose. A reasonable estimate might be tha 
approximately 40% of a 50-g oral glucose load ingested at thi 
Start of moderate-intensity exercise is metabolized during the firs 
hour.'? 
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During light work rates, there is probably little difficulty in de- 
liverying adequate amounts of ingested glucose to the working 
muscle. As glucose oxidation by the working muscle increases at 
higher work rates, it may no longer be possible to absorb ade- 
quate amounts of ingested glucose from the gastrointestinal tract. 
Thus, what limits ingested oxidation may shift at different work 
intensities—low muscle demand limits glucose oxidation at light 
work rates, whereas absorption from the gastrointestinal tract lim- 
its it at high work rates. One study showed that as exercise intensity 
increased from 22 to 51% of the maximum oxygen uptake, the ox- 
idation of ingested glucose (100 g) increased proportionally. !?* 
With further increases in work rate, total carbohydrate oxidation 
continued to rise, but the oxidation of ingested glucose increased 
no further, suggesting that the rate at which glucose is made avail- 
able from the gastrointestinal tract had become limiting. 

Several approaches have been used to increase the rate of in- 
gested carbohydrate availability to the working muscle. Some of 
these are described as follows: 


1. Increasing the mass of ingested carbohydrates. One approach 
for increasing the amount of carbohydrate that is absorbed is 
simply to increase the mass of ingested glucose. This is an ef- 
fective approach even though the fraction of the ingested glu- 
cose that is made available for metabolism is actually de- 
creased with a greater oral glucose load. In one study, a 400% 
increase in the carbohydrate ingested mass induced only a 25% 
increase in exogenous glucose oxidation; as a result, a large in- 

- crease (from 45% to 81%) of ingested carbohydrates remained 
in the gastrointestinal tract.'® The decreased percentage of in- 
gested glucose oxidized when larger quantities of ingested glu- 
cose are consumed suggests one or more steps involved in the 
intestinal absorption or delivery of glucose to the working 
muscle have become saturated. 

2. Ingestion of different carbohydrate types. Sucrose ingestion 
has been used as a source of substrate during exercise, with the 
goal of decreasing ingestant osmolarity with similar effective- 
ness as ingested glucose.'*? This is not surprising because the 
hydrolysis of this sugar leads to the entry of glucose into’ the 
circulation. More sugar can be made metabolically available 
by using different sugar types. A greater percentage of ingested 
sugar is oxidized during exercise if 50 g of glucose and 50 g of 
fructose are ingested than if 100 g of glucose alone is con- 
sumed.'?” Studies examining the effectiveness of fructose'?” 
alone suggest that it is less effective than glucose at sparing en- 
dogenous carbohydrate stores. Due to a smaller insulin re- 
sponse with nonglucose sugars, FFA levels are higher than fol- 
lowing glucose ingestion, but this does not seem to improve 
exercise tolerance." 

3. Timing of ingested glucose. The beneficial effect of carbohy- 
drate ingestion on exercise endurance seems to be equal 
whether the meal is fed prior to, at the onset of, or during exer- 
cise, provided that the onset of exercise does not coincide with 
the postingestion insulin peak (about 45 minutes after inges- 
tion)'*! and signs of fatigue are not already present.'** 


At least two important endocrine changes accompany the in- 
crease in glucose availability. The exercise-induced fall in insulin 
and rise in glucagon are attenuated or eliminated altogether.'* The 
absence of the fall in insulin will attenuate the increases in lipolysis 
and GP,*'' whereas a reduction in glucagon will reduce the lat- 
ter.“'' The suppression of lipolysis will result in a reduction in 


circulating FFA levels, which has been shown to stimulate tracer- 
determined glucose utilization and glucose oxidation by the work- 
ing limb.''° Although insulin acts to suppress net muscle glycogen 
breakdown, multiple signals are present in the working muscle and 
these counterbalance the antiglycogenolytic effects of insulin more 
often than not. 

Because of the difficulties in studying liver metabolism di- 
rectly in humans, very little direct information as to the effects of 
carbohydrate ingestion on hepatic GP is available. The available 
data, however, all uniformly show that exogenous glucose reduces 
the demands on the liver. Glucose infusion reduces hepatic GP dur- 
ing low- and moderate-intensity exercise in humans.*'** Further- 
more, glucose ingestion inhibits the uptake of gluconeogenic pre- 
cursors by the splanchnic bed during prolonged low-intensity 
exercise.'** The potent effect of glucose infusion and carbohydrate 
ingestion at the liver is probably mediated, in large part, by a highly 
sensitive pancreatic hormone response. 


Postexercise Glucose Metabolism 


Stimulatory effects of exercise on muscle glucose uptake can per- 
sist well after cessation of exercise. In contrast to moderate exer- 
cise, where all the glucose taken up by muscle is oxidized, the 
added glucose taken up after exercise is channeled into glyco- 
gen.089-99-135.136 The repletion of muscle glycogen after exercise 
occurs in two phases, which can be distinguished by their reliance 
on insulin and kinetics.'*”"!*8 In phase one, the sarcolemma perme- 
ability to glucose is elevated,’ glycogen synthase activity is ele- 
vated," and muscle glycogen is rapidly restored.'*”'** This phase 
occurs immediately after exercise and is. n@fable in that it does not 
require insulin.'*”-'** In the second phase, Muscle glycogen has re- 
turned to near-normal levels and glucose uptake is no longer ele- 
vated in the absence of insulin. Phase two is characterized by a 
marked and persistent increase in insulin action." Estimates of the 
duration of this second phase are highly variable. The increase in in- 
sulin sensitivity is probably more persistent after more extensive 
glycogen depletion and can be protracted by an absence of dietary 
carbohydrate. "?? It has been shown that glycogen repletion to preex- 
ercise levels requires approximately 24 hours in humans maintained 
on a high-carbohydrate diet, but may take as long as 8—10 days in 
the absence of dietary carbohydrate.'*? It has also been shown, 
using "C-NMR spectroscopy, that muscle glycogen résynthesis can 
be slowed if the jggested medium is high in lipid content even if glu- 
cose content is Wian: 140 t 

As is the case during exercise, an increase in insulin binding to 
muscle insulin receptor is not necessary for the increase in insulin 
action following exercise,'** indicating that post receptor events 
are responsible. Prior exercise enhances insulin-stimulated glucose 
uptake and glycogen synthase activity, but does not result in a 
greater intrease in insulin receptor tyrosine kinase, Akt phosphory- 
lation, or glycogen synthase kinase-3 phosphorylation.'“' Muscle 
glycogen depletion, such as that which occurs with exercise, is a 
potent stimulant of muscle glycogen synthesis. The presence of the 
muscle insulin receptor may not even be necessary for the in- 
creased effects of insulin on muscle glucose uptake and glycogen 
synthase after exercise, implying that the effects of prior exercise 
are mediated by nonmuscle cells or by downstream signaling.” It 
has been proposed that a postreceptor modification may be linked 
to the glycogen-depleting effect of exercise.” Nevertheless, the 
improved effect of insulin on glucose uptake can persist after exer- 
cise even when preexercise glycogen levels have been restored.'** 
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GLUT-4 is the primary means by which glucose enters the cell in 
the postexercise state. While GLUT-4 null mice have normal! fed, 
fasted, and postexercise muscle glycogen content, the restoration 
of glycogen following a glucose load after exercise was markedly 
slowed.'*? It is possible that overexpression of GLUT-1 could com- 
pensate for any shortage of GLUT-4 in the plasma membrane as 
mice overexpressing this protein have increased muscle glycogene- 
sis in the postexercise state.” 

The increase in muscle insulin sensitivity following exercise is 
reliant on a local factor since glucose uptake during one-legged 
cycling was increased across the exercised limb, but not the con- 
tralateral rested limb.'*° When extramuscular influences were elim- 
inated by isolating and directly stimulating the muscle, however, 
insulin sensitivity was not increased.'“> The exercise-induced in- 
crease in insulin sensitivity seems, therefore, to require a local ex- 
tracellular factor.'*® It is possible that a neurotrophic or paracrine 
factor released at or near the working muscle is required. 

The cellular basis for the persistent increase in insulin sensitiv- 
ity may, at least in part, relate to the demonstrations that skeletal 
muscle GLUT-4 protein,” glycogenin,'“® and hexokinase II activ- 
ity™ can be increased during recovery from acute exercise. Both 
these adaptations are accompanied by increases in the respective 
mRNA pools for these proteins.°°'*” The increases in GLUT-4°° 
and hexokinase II mRNA levels appear to be due primarily to in- 
creases in the nuclear transcription rate of the genes for these pro- 
teins. Other posttranscriptional™ and posttranslational*’ mecha- 
nisms may also be involved. One difference in the regulation of 
these proteins by exercise is that hexokinase II induction occurs 
more rapidly, and is initially more pronounced, than the induction of 
GLUT-4. Skeletal muscle GLUT-4 mRNA in the rat is unchanged 
immediately after 2 hours of electrical stimulation!” or 90 minutes 
of treadmill exercise. An increase in hexokinase I] mRNA, on the 
other hand, is already present in rat muscle after 90 minutes of run- 
ning.™ Increases in skeletal muscle GLUT-4 mRNA and protein do 
occur but require a more strenuous exercise protocol or a longer ex- 
ercise recovery period.” The more sensitive induction of hexoki- 
nase II as compared to GLUT-4 mRNA in muscle is reflected by dif- 
ferences in the transcription of their respective genes. An increase in 
hexokinase II gene transcription of almost threefold is seen immedi- 
ately after 45 minutes of treadmill exercise in nuclei isolated from 
rat hindlimb muscles.” The transcription rate for the GLUT-4 gene 
is increased by only about 80% over basal rates and does not occur 
until 3 hours after exercise.” 

There can be a paradoxical! decrease in glucose tolerance imme- 
diately following exhaustive or extremely intense exercise.!°°'* 
This has been shown to correspond to elevated catecholamine and 
FFA levels'*!:'*? and muscle damage,’ as evidenced by elevated 
plasma creatine kinase and myoglobin. 

In addition to the well-known adaptations in skeletal muscle, 
prior exercise can lead to persistent effects on splanchnic tissue. 
Studies in a dog model that provided access to gut and liver in vivo 
showed that prior exercise increased the intestinal absorption of an 
intraduodenal glucose load'** and increased the intrinsic capacity 
of the liver to consume glucose (Fig. 27-6).'? The increase in the 
ability of the liver to consume glucose is not due to a sensitization 
to the stimulatory effects of the arterial to portal vein glucose gra- 
dient.'** Whether the effect on liver glucose uptake, like the effect 
on muscle glucose uptake, is related to an increase in insulin action 
is unknown. Studies using "°C magnetic resonance spectroscopy 
showed that ingestion of 1 g/kg of glucose or sucrose immediately 
` after completion of prolonged moderate exercise caused liver 
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FIGURE 27-6. Net hepatic glucose fractional extraction (top) and b 
(bottom) following 150 minutes of moderate treadmill exercise 
equivalent period of rest. Data are mean + SE; n = 6 in each group. I 
levels were fixed at ~30 U/mL using somatostatin with intraportal i 
replacement and arterial blood glucose was clamped at ~ 130 mg/dl 
portal to arterial glucose gradient was ~19 mg/dL during hyperins 
mic, hyperglycemic periods in both groups. The measurements made 
presence of a hyperglycemic, insulin-stimulated state were taken a 
60-minute equilibration period, during which time a steady state 
achieved. *Indicates significantly greater values than corresponding s 
tary period (p < .05). (Reprinted with permission from Helmrich SP, et: 


glycogen resynthesis to increase by 0.7 and 1.3 mg/kg’'/min’! 
spectively, over a period of 4 hours of postexercise recover 
There was no liver glycogen resynthesis over the same period v 
a placebo was ingested. The ability to replenish liver glycogen: 
exercise may be functionally important in performance of su 
quent exercise as there was a significant positive correlation 
tween liver glycogen content and exercise endurance. 


EFFECTS AND MEDICAL BENEFITS 
OF EXERCISE IN DIABETES 


The rationale and benefits of physical training in the general po 
lation were extensively reviewed in 1994 at the International C 
ference on Exercise, Fitness and Health.'™ The first conference 
exercise and diabetes was organized in 1978 in Santa Ynes Vall 
California.'*’ We believe that this conference greatly stimula 
this area of basic and clinical research, eventually demonstrati 
that exercise not only improves but can also prevent or delay 1 
onset of diabetes, as described later in this chapter. This initial cc 
ference was followed by symposia in Olympia, Greece (198 
Burlington, Vermont (1983); Dusseldorf, Germany (1990): and 
frequent intervals thereafter. The 2000 American Diabetes Assoc 
tion Position Statement on “Diabetes Mellitus and Exercise” t 
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equivocally states that “with the publication of new clinical re- 
views, it is becoming increasingly clear that exercise may be a ther- 
apeutic tool in a variety of patients with, or at risk for diabetes,” 
and that “all patients with diabetes” should be able to “benefit from 
the many valuable effects of exercise.”'** The founding of the In- 
ternational Diabetes Athlete Association (IDAA) in 1985 greatly 
stimulated the interest in exercise among diabetic populations 
around the world, and has established an information-, experience-, 
and knowledge-sharing system for diabetic people who are active 
in sports.” In 1988, diabetologists from 14 European countries, 
representing the European NIDDM Policy Group, met and pre- 
pared a consensus view of management of type 2 diabetes.' With 
Tespect to exercise, this document indicates overall benefits, im- 
proved glucose tolerance, decreased hyperinsulinemia, improved 
plasma lipoprotein profiles, and reduction of body weight and hy- 
pertension. Exercising muscle has been shown to increase glucose 
utilization by 7- to 20-fold compared to the resting muscle. In addi- 
tion to the many general benefits of exercise enjoyed by nondia- 
betic individuals, exercise in type 2 diabetic individuals can poten- 
tially bring about medical improvements. These include better 
glycemic control, increased insulin sensitivity, reduced insulin re- 
quirement, improved plasma lipid profile and blood pressure, re- 
duction in fat mass, preservation of lean body mass, and strength- 
ened cardiovascular fitness.'°' Persistent and well-controlled 
exercise programs are expected to help lower glycated hemoglobin 
levels, which is the key to prevention of many chronic diabetic 
complications. In recent years, the traditional bias against diabetic 
individuals to engage in high-intensity, competitive sports has been 
challenged by a growing number of successful athletes, including 
Olympic gold medalists and world champions, who had type 1 dia- 
betes.'®? However, the majority of diabetic individuals who are not 
professional athletes will benefit most by engaging in regular, aer- 
obic exercise of moderate intensity. Due to the many pathologic, 
hormonal, and biochemical disparities, type 1 and type 2 diabetic 
individuals respond to and benefit from exercise with different clin- 
ical patterns as discussed below. 


Exercise in Individuals with Type 1 Diabetes 


The American Diabetes Association recommends that “all levels of 
exercise, including leisure activities, recreational sports, and com- 
petitive professional performance, can be performed by people 
with type | diabetes who do not have complications and are in 
good blood glucose control”! 

In type 1 diabetes, exercise should not be used for the sole pur- 
pose of improving unsatisfactory glycemic control. All efforts 
should be made to advise and support those type 1 diabetic patients 
who are motivated to exercise to do so under optimal conditions for 
performance and enjoyment and with minimal risk of causing acute 
complications. A number of studies have found that physical train- 
ing can increase Vo.max,’® decrease insulin dose,'® and reduce 
levels of HbA,. It is noteworthy that each of these studies achieved 
improvement of some, but not all parameters, which may be related 
to the differences in patient selection and training protocols. Small 
sample size and lack of adequate controls may also account for the 
discrepancy in results. Given the importance of diet and insulin 
therapy as determinants of glycemic control in type 1 diabetes, it is 
not surprising that glycosylated hemoglobin is little affected by in- 
creased physical activity. The importance of the general benefits of 
exercise, especially on the cardiovascular system, lends strong sup- 
port to the promotion of physical training in type 1 diabetes. 


Whether exercise improves insulin sensitivity in this particular 
population is still unresolved, but aerobic exercise in type 1 dia- 
betic patients has been shown to substantially improve cardiorespi- 
ratory endurance, muscle strength, lipid profile, blood pressure, 
and glucose regulation.'™ Exercise training also reduces insulin re- 
quirement in these patients.'°* In general, exercise is safe and can 
be well tolerated in most patients even with 24—40 years of type | 
diabetes.'“"' The peak oxygen consumption, respiratory ex- 
change ratio, heart rate, and cardiac output in these exercising dia- 
betic people are not significantly different from those of nondia- 
betic subjects.'©° Exercise in type | diabetic patients needs to be 
properly prescribed and closely monitored while their insulin 
dosages are adjusted. Without these precautions, exercise in type 1 
diabetic subjects may provoke excessive glucose counterregula- 
tion, impaired glucose disposal, and even severe clinical complica- 
tions, such as life-threatening hypoglycemia. 

It is well accepted that exercise enhances glucose uptake and 
reduces insulin requirement for the working muscle. This fact, 
however, should be construed by no means as a diminished impor- 
tance of insulin during exercise. On the contrary, adjustment of 
proper insulin dosage becomes even more critical during exercise 
than in the resting state. In general, diabetics are able to meet the 
energy needs of exercise; however, it is often with less than the op- 
timal balance of fuel usage. Both insulin sensitivity (SI) and glu- 
cose effectiveness (SG) are impaired in type 1 diabetes, even when 
glycemia is under apparent control.'©” Exercise stimulates release 
of catecholamines, among other counterregulatory factors, which 
can decrease SI in type 1 diabetes.'** The metabolic response to 
exercise in type | diabetic subjects varies with age, fitness, type of 
exercise, and nutritional status. The metabolic abnormalities and 
complications accompanying the disease often render exercise dif- 
ficult for some patients. Due to a left-shifted oxygen dissociation 
curve as a result of high levels of glycosylated hemoglobin and the 
high frequency of vasculopathy, oxygen delivery to the muscle 
may be impaired. Furthermore, the development of neuropathies in 
patients with long-standing diabetes may hinder work tolerance. 

Individuals with type | diabetes rely on gluconeogenesis sub- 
stantially more than nondiabetic individuals for glucose fuel to 
feed the exercising muscle. The exercise-induced increments in 
glucose utilization are, by and large, similar in individuals with and 
without diabetes. Nevertheless, a few differences exist. First, in 
healthy individuals, this increase is associated with a higher rate of 
metabolic clearance. In patients with poorly-controlled diabetes, it 
is a result of an increased mass action of exaggerated hyper- 
glycemia coupled with a small increment in metabolic clearance. 
Second, a smaller percentage of the glucose utilized is completely 
oxidized in patients with diabetes, probably due to an impaired 
pyruvate dehydrogenase activity. This leads to an accelerated Cori 
cycle featuring augmented lactate release from muscle and aug- 
mented lactate-derived hepatic gluconeogenesis. Third, underin- 
sulinization and exaggerated counterregulation result in increased 
mobilization and utilization of noncarbohydrate fuels, such as 
FFAs, especially in subjects with severe diabetes. Type 1 diabetes 
is also associated with a greater availability of ketone bodies for 
energy metabolism due to an increased splanchnic fractional ex- 
traction and a greater intrahepatic conversion of FFAs to ketone 
bodies as assessed by '*C-oleic acid infusion.'™ The effects of in- 
sulin on muscle glucose utilization can be partly mediated by in- 
sulin’s effects on fat metabolism.'””'”' Exercise-induced increases 
in glucose uptake and clearance were markedly enhanced by sup- 
pression of FFA oxidation in alloxan-diabetic dogs"? or suppres- 
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sion of both FFA oxidation and lipolysis in depancreatized dogs. "° 
Suppression of lipolysis using acipimox reduced fat oxidation and 
increased carbohydrate oxidation during and after moderate exer- 
cise in patients with T2DM. Respiratory quotient (RQ) was ele- 
vated by acipimox during exercise. In contrast, heparin treatment 
increased plasma FFA levels by 150%, increased fat oxidation by 
7%, and reduced carbohydrate oxidation by 29%. Insulin-deficient 
diabetes may also exhibit differences in intramuscular substrate 
metabolism in response to exercise. 

Patients with diabetes deprived of insulin for 24 hours have 
decreased intramuscular glycogen storage and increased intramus- 
cular fat storage. This shift in fuel storage leads to a greater metab- 
olism of intramuscular fat and a diminished breakdown of intra- 
muscular glycogen. By using ratio-labeled palmitate and glucose in 
combination with gas-exchange measurements, it was calculated 
that in the insulin-deficient depancreatized dog more than twice as 
much intramuscular fat, but only about 60% of the muscle glyco- 
gen, are used. Thus, glucose and fatty acids, as fuels for exercising 
muscle, are utilized in a reciprocal and complementary fashion. An 
important issue is that decreased fatty acid oxidation may facilitate 
glucose utilization and improve hyperglycemia in exercising dia- 
betic people.®*!”° Resistance exertions should be conducted under 
professional guidance. In patients with physical limitations, graded 
walking may be preferred. In those with low back pain, lower 
extremity arthritis, sensory loss, and other medical conditions, 
moderate-intensity swimming may be a good choice. When initiat- 
ing a physical training program, all patients with type 1 diabetes 
should seek professional guidance from physicians, nurses, and/or 
diabetes educators.” 


Inadequate Insulinization 

Individuals with type 1 diabetes require adequate insuliniza- 
tion for improvement of metabolic control. Insulin deficiency can 
cause serious metabolic decompensation in diabetic patients during 
exercise, which is manifested by aggravated hyperglycemia and ke- 
tosis. When type 1 diabetic patients deprived from insulin treat- 
ment for a prolonged period (18-48 hours) underwent a 3-hour 
bout of exercise, blood glucose rose further.” The worsening in 
hyperglycemia is due to an attenuated increase in glucose meta- 
bolic clearance in the face of rising GP that is generally similar or 
excessive when compared to nondiabetic subjects. Underinsulin- 
ization during exercise may also lead to further increases in FFA 
and ketone body levels. 

Exercise as a form of physical stress invokes a surge of coun- 
terregulatory hormones, glucagon,**!’*-'”> epinephrine and norep- 
inephrine,” and cortisol,®*"'”? all of which can exacerbate the dia- 
betic state in an underinsulinized individual. The magnitude of 
increase in these hormones depends not only on the extent of in- 
sulinization and the physical fitness of the subject, but also on the 
intensity and duration of the exercise. Owing to the overrespon- 
siveness of the counterregulatory system in diabetes, high-intensity 
exercise can be more deleterious to the diabetic state than moderate 
exercise of similar duration, as is described later. 

Excessive counterregulation does not occur only during exer- 
cise, but is a general characteristic of stress response in diabetes. 
For example, a stress model induced by injecting carbachol into the 
third cerebral ventricle in normal dogs caused a surge of counter- 
regulatory hormones and stimulated glucose utilization. The stress- 
mediated increase in glucose uptake was independent of insulin re- 
lease and not mediated by adrenergic pathways. However, the same 
type of stress in diabetic dogs failed to increase glucose utilization, 
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resulting in markedly worsened hyperglycemia.'”°'’” This 

tance of glucose uptake to exercise could not be improved by 

normalization with basal or high insulin infusion rates, indi 

that stress can offset glucose homeostasis even in the prese 

hyperinsulinemia. However, similarly to exercise,’ B-blo 

improved glucose uptake and prevented hypoglycemia. Thi: 
cates that during severe stress, transient treatment with B-blo 
could improve glucose homeostasis.'”® An unresolved, intri 
question is whether there are similarities in the mechanisi 
stimulating glucose utilization in stress and exercise, be 
under both conditions, glucose utilization increases despite re 
of counterregulatory hormones and without a concurrent inc 
in insulin release. Finding the mechanism for this intriguing o 
vation may help improve glucose homeostasis in diabetics di 
stress. 

When hypoinsulinemic, the diabetic liver becomes more s 
tive to glucagon while the glucagon response to exercise is € 
gerated.'’° Catecholamines clearly have potent peripheral effec 
type | diabetic humans and dogs.® In the total absence of ins 
catecholamines play an even more important role than glucagc 
control of GP. The effects of catecholamines are related to the 
bilization of FFAs to sustain gluconeogenesis and to the stim 
tion of glycogenolysis. These effects are minimized by B-block 
in insulin-infused type 1 diabetic subjects, and in insulin-defic 
diabetic dogs.*?*? Adequate insulin therapy is critical in improv 
metabolic control and normalizing the excessive counterregulat 
response to exercise in people with type | diabetes. 


Overinsulinization 

The most feared acute complication of exercise in patie 
with type | diabetes is hypoglycemia caused by relative ov 
insulinization, that is, an otherwise moderate dose of insulin | 
coming excessive during exercise. In normal individuals, physi 
exercise is associated with a physiologically regulated reducti 
in endogeneous insulin release. This low rate of insulin secreti 
carries a number of physiologic benefits. One such benefit is t 
protection against overinsulinization and excessive glucose u 
lization, because muscle glucose uptake is increased by bo 
insulin-dependent and insulin-independent mechanisms. Anoth 
physiologic benefit lies in the unleashing of the glucagon stimul 
tion of hepatic GP. In spite of reduced secretion, insulin delive: 
to the exercising muscle is not compromised because of accele 
ated blood circulation. Therefore, a moderate dose of insulin und: 
nonexercising conditions can cause overinsulinization during e) 
ercise in the insulin-treated, exercising diabetic person. Relative < 
absolute overinsulinization may take place, due to the followin 
factors: 


1. Absorption of subcutaneously injected insulin accelerate 
during exercise.!7*'!®° 

2. Unlike endogenous insulin secretion, insulinemia due to ex 
ogenous injections does not fall during muscular work. 

3. Exercise enhances insulin sensitivity in the skeletal muscle.'®! 


Whatever the cause, overinsulinization diminishes hepatic GP while 
further increasing glucose utilization. Consequently, hypoglycemia 
ensues during or after exercise. It is also noteworthy that individu- 
als with antecedent hypoglycemia may be at an increased risk for 
subsequent hypoglycemic attacks during exercise due to blunted 
neuroendocrine defense and impaired metabolic response with in- 
sufficient endogenous GP"? 
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The time of day exercise is performed and the prevailing levels 
of insulin are of importance when considering appropriate meas- 
ures to prevent hypoglycemia. The risk of exercise-induced hypo- 
glycemia is lowest in the morning before insulin injection when 
low insulin levels usually prevail. However, this may be achieved at 
the cost of hyperglycemia. Exercise in the evening or afternoon 
carries a higher risk of nocturnal hypoglycemia due to enhanced 
insulin sensitivity extended beyond the exercise period when the 
muscle glycogen store continues to be replenished.'** 

A reduction in insulin dosage in anticipation of exercise helps 
prevent hypoglycemia. Patients with diabetes undergoing inten- 
sive insulin therapy were able to avoid hypoglycemia during 
45 minutes of postprandial exercise at 55% maximum oxygen up- 
take by reducing insulin treatment from 30-50%.'** Patients with 
diabetes with 80% reduction in insulin dosage were able to exer- 
cise for nearly 3 hours without hypoglycemia, whereas a 50% re- 
duction in insulin dosage allowed exercise for only 90 minutes. '*° 
In contrast to patients with tightly controlled diabetes, those with 
fasting hypoglycemia were able to perform sustained exercise 
with a less substantial reduction in insulin.'*° High-intensity ex- 
ercise elicits a greater glucose-lowering effect than moderate- 
intensity exercise. The exercise intensity should be taken into 
consideration when adjusting preexercise insulin dosage. /n vivo 
insulin sensitivity was increased in patients with type | diabetes 
up to 2 hours after one bout of exercise at 50% of maximal oxy- 
gen uptake for 30 minutes. 

Instant ingestion of extra carbohydrate can effectively prevent 
and/or treat hypoglycemia, as glucose derived from exogenous 
sources is readily utilizable by the working muscle.'**'** The 
choice of carbohydrate supplements should exclude bulky food 
and include only rapidly absorbable carbohydrates ingested in 
small amounts to avoid exercising on a full stomach.'®* Injection 
of insulin into a nonexercising part of the body can help prevent 
an acceleration in insulin absorption.'® In addition to insulin dose 
adjustments, the use of lispro insulin, a rapid- and short-acting 
formulation of insulin, may also be used to minimize the risk of 
hypoglycemia during and after exercise.'*’ 

It is well known that the responses of glucagon and epineph- 
rine to insulin-induced hypoglycemia are impaired in resting pa- 
tients with type 1 diabetes and in alloxan-diabetic dogs.'*® How- 
ever, the secretion of counterregulatory hormones was found to be 
adequate in the face of hypoglycemia during a long-distance run in 
reasonably well-controlled, well-trained subjects with diabetes, but 
without long-term complications. !*? It appears that the degree of 
diabetic control and state of physical fitness may influence the dif- 
ference in counterregulatory response to hypoglycemia. 

Although a fall in insulin is essential for the normal metabolic 
response to exercise, it is not clear whether this is the case in sub- 
jects with type 1 diabetes receiving a peripheral insulin infusion 
(Fig. 27-7).'8°'°° When patients with type 1 diabetes were exercised 
during a constant insulin infusion that maintained normoglycemia, 
the response of GP was either insufficient or adequate’*™'™ to 
prevent a fall in glycemia. The actions and mechanisms of periph- 
eral insulin infusion on hepatic GP in these patients during exer- 
cise are not clear. It should be noted that in diabetic dogs and 
humans, at least during rest, insulin exerts its inhibition of hepatic 
GP primarily through a peripheral mechanism.'*!"'” The responses 
seen in diabetes, therefore, cannot always be extrapolated to nor- 
mal physiology. 

The three panels of Fig. 27-8 summarize the interactions 
of insulin and glucagon in regulating glucose turnover in exer- 
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FIGURE 27-7. Glucose turnover: glucose disappearance (upper panel) and 
glucose production (lower panel) at rest. at 45 minutes of exercise, and 
60 minutes recovery for the normal controls. Insulin-infused (IV), and sub- 
cutaneous (SC) insulin-treated diabetics. (Reprinted with permission from 
Zinman B, et al. 180) 


cising patients with type | diabetes and in depancreatized 
dogs®2+!70.174.175.179.180, 


1. During constant intravenous infusion of insulin, glucose ho- 
meostasis is preserved because GP and utilization are balanced 
as in nondiabetic subjects. 

2. Due to the direct or indirect (FFA-glucose cycle) effects of in- 
sulin deficiency,'””'” exercise does not stimulate glucose uti- 
lization adequately, and hence, the exercise-induced increase 
in hepatic GP leads to or enhances hyperglycemia, a key factor 
restraining metabolic glucose clearance during exercise.'” 

3. Absolute or relative overinsulinization, due to absorption of 
subcutaneous insulin injected before exercise, results in inhibi- 
tion of hepatic GP, enhanced peripheral glucose uptake, and a 
fall in blood glucose levels.'*° 


Intense Exercise in Type 1 Diabetes 

The effect of intense exercise was examined in patients with 
type | diabetes whose glycemia was normalized or kept moder- 
ately elevated by constant insulin infusions maintained overnight 
and during the experimental period. As in normal subjects, it ap- 
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FIGURE 27-8. Scheme indicating changes in glucose fluxes during exercise 
in insulin-treated diabetes. 


pears that catecholamines are the main regulators of GP during in- 
tense exercise and that they induce a relative inhibition of glucose 
utilization. The main difference in glucose homeostasis between 
normal subjects and those with diabetes was that the elevation in 
glycemia induced by exercise was sustained throughout the postex- 
ercise period in both normoglycemic and hyperglycemic individ- 
uals with type 1 diabetes. During this prolonged period of hyper- 
glycemia, the metabolic clearance rate (MCR) of glucose was 
reduced. However, hyperglycemia during intense exercise in both 
groups of patients with type 1 diabetes fully compensated for the 
low MCR (decreased efficiency of glucose extraction) such that 
overall glucose utilization was the same as in control subjects (Fig. 
27-9). Thus, hyperglycemia appears to be an adaptive phenome- 
non to reduced MCR, which ensures that during strenuous exer- 
cise, glucose delivery to the muscle is kept constant. This corre- 
sponds to similar observations in diabetic dogs subjected to 
moderate exercise. "™"* On a cellular level, the efficiency of 
glucose uptake is related to the number of glucose transporters in 
the plasma membrane.'*? The observation that hyperglycemia 
decreases the number of glucose transporters in the plasma 
membrane also supports the notion of an adaptive effect of hyper- 
glycemia.!** 

This postexercise hyperglycemia can be normalized by an ad- 
ditional postexercise administration of insulin. Postexercise hyper- 
insulinemia was required to further increase MCR and gradually 
return plasma glucose concentrations to preexercise levels.?°:!"4 
Therefore, special strategies, differing from those for less strenu- 
ous exercise, are required for management of insulin therapy in 
type 1 diabetes during and after intense exercise. 

The difference from moderate exercise is largely accounted for 
by the difference in catecholamine responses. As noted, the stimu- 
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lation of muscle glycogenolysis increases the glucose-6-phosphat 
which in intense exercise is likely to be sufficient to restrain the u 
take of circulating glucose and account for the hyperglycemia. Co 
sistent with this explanation is the effect of B-adrenergic recept 
blockade during stress'”* or moderate exercise in dogs, and ii 
tensely exercised norma!!°* and type | diabetic subjects!” in who 
B-blockade increased metabolic clearance. 


Effect of Hyperglycemia: Possible Protection 

of Muscle Against Excessive Glucose 

The effect of hyperglycemia on metabolic glucose clearanc 
(MCR) is of pivotal importance during exercise in diabetes. Thi 
section summarizes the effects during both rest and exercise. De 
creased MCR in hyperglycemia may reflect a protective mech 
nism against excessive glucose in the muscle. It is tempting t 
speculate that this is the reason that muscle does not have the dia 
betic complications seen in so many other tissues. Restoration o 
normal glycemia by phlorizin treatment normalizes glucose trans 
porters in plasma membrane. Importantly, this effect of normaliza 
tion of plasma glucose occurs without any changes in plasma in 
sulin. In the same experiments, hyperglycemia also suppresses 
GLUT-4 mRNA and normoglycemia brought about partial restora 
tion. The conclusion is that hyperglycemia itself suppresses botl 
gene expression and translocation of the GLUT-4 protein (Fig 
27-10).'"* This adaptive mechanism of glucose uptake could alsc 
be demonstrated in the absence of insulin in glucose-perfused ra 
hindquarter. Glucose uptake was maintained both during hyper. 
and hypoinsulinemia due to decreased or increased GLUT-4 trans- 
porter and glucose clearance, respectively. a 

Similarly, normalization of glycemia with phlorizin in alloxan- 
diabetic dogs increases MCR, while glucose uptake is unchanged. 
This applies both to resting conditions'**'8 and to exercise (Fig. 
27-11).!°? This mechanism of self-regulation also explains ob- 
servations in streptozocin-diabetic rats where endogenous pH and 
energy stores measured with nuclear magnetic resonance (NMR) 
techniques and the activity of pyruvate dehydrogenase during rest 
and muscular contraction were normal, not only in insulin-treated 
rats but also in rats with insulin treatment discontinued for 3 days 
(Fig. 27-12).7"" 


Exercise in Individuals with Type 2 Diabetes 


It is well documented that chronic exercise is particularly impor- 
tant in type 2 diabetes, since it can prevent the onset of the disease 
and improve glycemia and other metabolic parameters. Glucoregu- 
lation, which has been extensively studied in type | diabetes, has 
scarcely been studied in type 2 diabetes. During exercise in type 2 
diabetes, plasma glucose declines. In studies in which insulin 
levels failed to decrease during exercise, perhaps due to neuro- 
pathy, the decline in plasma glucose was due to a blunted increase 
in GP”? However, in a study in which insulin levels decreased, 
greater than normal rates of glucose utilization were found due to 
residual mild hyperglycemia, because glucose clearance increased 
similarly to control subjects.?2°?™ 

There is a close association between the metabolic syndrome, 
or syndrome X, and type 2 diabetes. Indeed, many individuals with 
obesity, dyslipidemia, hyperinsulinemia, and hypertension eventu- 
ally develop type 2 diabetes. Most patients with type 2 diabetes 
lead a sedentary lifestyle and have a low Vo max.'® Therefore, 
physical exercise is one of the three principal therapeutic measures 
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HYPERGLYCEMIA FULLY COMPENSATES FOR DEFECTIVE 
MCR IN INSULIN INFUSED HYPERGLYCEMIC IDDM'S 
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recommended, along with diet and weight control and hypo- 
glycemic medicines, for type 2 diabetic patients. "6'65 


DIABETES PREVENTION 


Historically, a number of factors have shifted emphasis from the 
use of physical activity for diabetes treatment to its use for dia- 
betes prevention. They include difficulty in obtaining compliance 
with an exercise program in middle-aged and elderly individuals, 


150 FIGURE 27-9. Effect of intense exercise 
in IDDM subjects whose glycemia was 
normalized (M) or kept moderately ele- 
vated (D) by constant insulin infusions 
maintained overnight and during the 
experiment. 


the variable response of patients with established type 2 diabetes, 
and the fact that vascular complications of diabetes are present in 
many patients at the time of diagnosis. For these reasons, it was 
suggested that an optimum target population for an exercise pro- 
gram might be people at increased risk for type 2 diabetes such as 
individuals with impaired glucose tolerance and/or insulin resist- 
ance.” In keeping with this hypothesis, cross-sectional studies 
in Melanesian and Indian Fijian men” by Taylor and colleagues, 
other populations, ™® and in college alumni,” demonstrated an 
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grams of protein-isolated membrane frac- 0.5 
tions were analyzed by Western blot using 
an anti-GLUT-4 antibody. The blots were 
quantified by laser densitometry and the re- 
sults were plotted in arbitrary units relative 
to the values in the plasma membrane of 
control animals. Plasma membrane glucose B 1.5 
uransporters were suppressed by diabetes 
and restored by normalization of glucose 
with phlorizin. Normalization of glucose 
with phlorizin restores cytochalasin B bind- 
ing but not the GLUT-4 transporters in inter- 
nal membranes. B. GLUT-4 mRNA is sup- 
pressed by diabetes and partially restored by 
normalization of glucose with phlorizin. 
(Reprinted with permission from Dimitrak- 
oudis D, Vranic M, Klip A: Effects of hyper- 
glycemia on glucose transporters of the 
muscle: Use of the renal glucose reabsorp- 
tion inhibitor phlorizin to control glycemia. 
J Am Soc Nephrol /992;3: 1078.) 
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inverse relationship between physical activity and risk of type 2 
diabetes, as did later studies of male college alumni by Helmrich 
and coworkers”? (Fig. 27-13) and in nurses?!" and male physi- 
cians*!? by Manson and coworkers. In the college alumni and male 
physicians, the risk reduction was particularly pronounced among 
obese men. 

Further proof of the benefit of exercise in diabetes prevention 
came from two later studies, in which the effect of 5-6 years of in- 
creased physical activity was examined prospectively in several 
hundred patients with impaired glucose tolerance in China 
(DaQuing)*"? (Table 27-1) and Sweden (Malmo).?!* ln Malmo, 
therapy consisted of dietary advice during the first 6 months and 
exercise throughout. In DaQuing, the effects of exercise, diet, and 
the two in combination were independently evaluated. In both stud- 
ies, progression to diabetes over 5-6 years was diminished by 
30-50% in all intervention groups, with no additive effect of exer- 
cise plus diet observed.*'* Plasma triglycerides and insulin levels 
were also reduced in the Malmo exercising subjects.”"* A critical 
finding in the Malmo study was that after 12 years, overall mortal- 
ity due to ischemic heart disease and other causes was diminished 
in the exercise group to levels similar to those of nondiabetic con- 
trol subjects.” Thus, an emerging body of evidence suggests that 
in people with impaired glucose tolerance, exercise can be effica- 
cious in preventing, or at least retarding progression to, diabetes, 
and in diminishing overall mortality. Of particular note is that 
lifestyle changes that include exercise or exercise and diet, which 
also increase insulin sensitivity. prevent or at least substantially 
delay the progression of individuals with impaired glucose toler- 
ance to overt type 2 diabetes.'© The Diabetes Prevention Program 
(DPP) also showed this. In a randomized clinical trial of diabetes 
prevention in 3234 overweight men and women aged 25-85 years 
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with impaired glucose tolerance, who exercised 150 minutes 

week (corresponding to a brisk walk) and reduced their weight 
7%, there was a 58% reduced risk of developing type 2 diabe 
Logic suggests that this is somehow related to exercise’s effect 
enhancing insulin action and reversing some of the risk factors 
sociated with the metabolic syndrome, or of lowering blc 
glucose levels independent of insulin (e.g., by directly simulati 
glucose utilization by muscle). This, however, remains to 

proven. 

Insulin resistance is a common clinical feature of type 2 d 
betes that can be related to receptor and/or postreceptor detects. | 
triguingly, many individuals with type 2 diabetes exhibit normal 
even slightly above normal rates of glucose utilization and norm 
splanchnic glucose output during exercise. ™ However, musc 
lactate output during exercise was elevated twofold and musc 
glycogen store was one-third lower in these patients in comparisc 
to the nondiabetic control subjects, indicating higher rates of gl 
colysis and glycogenolysis.°™ This suggests that muscle insulin r 
sistance in at least part of the type 2 diabetic population involv: 
defects in glucose oxidative metabolism, the steps downstream 
those of glucose transport and glycolysis. Therefore, to understar 
the effects of exercise in type 2 diabetes, the severity of the disea 
and the specific treatments the patient receives must be taken in 
account. Bicycle ergometer exercise for 30 minutes stimulate 
sympathetic hypersensitivity in patients with type 2 diabetes ar 
fasting hyperglycemia and hyperketonemia, but not in those wł 
were well controlled.”!© Some individuals with type 2 diabet 
with postabsorptive hyperglycemia and near-normal basal insul 
secretion display a significant fall in glycemia following exerci 
due to a failure of insulin to decrease during exercise. These p 
tients have a defect in control of insulin secretion when challenge 
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FIGURE 27-11. A. Glucose utilization and metabolic clearance rates of 
plasma glucose in dogs before, during, and after 60-minute treadmill exer- 
cise (100 m/min, 5% slope). Experiments were conducted in four dog pro- 
tocols consisting of one protocol with normal control dogs (C, O) and three 
protocols with alloxan-diabetic dogs studied under conditions of hyper- 
glycemia (DH, y), and during acutely induced normoglycemia (<160 min- 
utes) with either insulin (2.6 + 0.6 pmol.kg.,/min.,, DI (MM) or phlorizin 
(50 kg.\/min.,, DP). Values are presented as mean + SE from six experi- 
ments in each protocol. During hyperglycemia metabolic clearance of glu- 
cose was markedly suppressed during rest and exercise. It was normalized 
with normoglycemia and independently of insulin or FFA levels—glucose 
utilization was only slightly decreased in hyperglycemic dogs. reflecting 
the balance between mass effect of hyperglycemia and suppressed clear- 
ance. B. Correlation between rates of FFA turnover and lactate concentra- 
tions in all four dog protocols consisting of normal control dogs and al- 
loxan-diabetic dogs studied under conditions of hyperglycemia and during 
acutely induced normoglycemia (<160 minutes) with either insulin or 
phlorizin. Plotted data indicate the mean + SE during the basal period, ex- 
ercise period, and recovery period for each protocol (r = 0.72, p < .001). 
Increased FFA turnover did not affect glucose uptake, but it decreased glu- 
cose oxidation—a reflection of lactate release. 
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FIGURE 27-12. Changes in intracellular pH in gastrocnemius muscle dur- 
ing stimulation at | and 5 Hz and during the initial recovery period for 
insulin-treated diabetic (°), untreated diabetic (W), and diabetic animals 
from which insulin therapy was withdrawn for 72 hours prior to study (A). 
Values are shown as mean + SE for six experiments in each study group. 
(Reprinted with permission from Challis RAJ, et al.) 


both with glucose (inadequate increase) and exercise (inadequate 
decrease). The latter could be a consequence of hyperglycemia 
prevailing over the adrenergic stimulation, or part of the intrinsic 
abnormality of islet B-cell function, or of neuropathy. In addition, 
hyperglycemia, acting synergistically with insulin, can suppress 
GP and sustain a normal rate of peripheral glucose uptake. 

In general, exercise is associated with improvements in insulin 
action and glucose metabolism. Twelve to 16 hours after a single 
bout of glycogen-depleting exercise, hepatic insulin sensitivity was 
enhanced in patients with type 2 diabetes. '®" The prior exercise re- 
duced basal hepatic GP by 25%, while a low-dose insulin infusion 
suppressed it by 85%. Peripheral insulin sensitivity was also en- 
hanced, which was reflected by an increased rate of nonoxidative 
glucose disposal.'°' In a 10-year lifestyle modification program, 
persistent physical exercise has resulted in a significant improve- 
ment in glycated hemoglobin, blood pressure, and plasma triglyc- 
erides profile.'® In a recent study, patients with type 2 diabetes 
with a mean body mass index of 30.2 underwent a 2-month exer- 
cise program that consisted of a twice weekly supervised 45-minute 
cycling at 75% Vo, peak. This resulted in a 41% increase in VO, 
peak and 61% increase in glucose disappearance during an intrave- 
neous glucose tolerance test (IVGTT). The improvement was asso- 
ciated with a reduction of visceral adipose tissue (VAT) that was 
greater than the loss of subcutaneous fat (Fig. 27-14).?'* Thus, in 
obese individuals with type 2 diabetes, regular- and moderate- 
intensity exercise can lead to improvements in both obesity and in- 
sulin sensitivity." These studies emphasize the significance of ex- 
ercise in improving energy fuel metabolism, and its importance as 
an adjuvant therapy for type 2 diabetes. 

Patient participation may be affected by length and severity of 
the illness that in turn affect the medical benefits of exercise. For 
example, a high incidence of complications can preclude participa- 
tion for some patients, but in some studies, no complications or 
dropouts were reported with exercise training in type 2 diabetic pa- 
tients for 3 months.?!??7° 

Type 2 diabetic patients who have no major vascular complica- 
tion should be able to exercise as normal people. Single bouts of 
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FIGURE 27-13. Age-adjusted incidence rates and relative risks of T2DM among 5990 men, based on 1962 data 
for the physical activity index in relation to the body mass index (A) and any history of hypertension (B). Each 
block represents the relative risk based on the rate of T2DM per 10,000 person-years of follow-up, with the risk 
for the tallest block set at 1.0. The numbers on the blocks are the incidence rates of T2DM, and the numbers of 
patients with T2DM are shown below in the corresponding grid. (Reprinted with permission from Helmrich SP, 


et al.2/”) 


exercise in type 2 diabetic men have been shown to enhance pe- 
ripheral and splanchnic insulin sensitivity for up to 16 hours.'®! Al- 
though the incidence of hypoglycemia is much lower in the type 2 
than in the type 1 diabetic population, the use of sulfonylurea and 
insulin in patients with type 2 diabetes increases the susceptibility 
to this complication, especially among those who exercise after 
taking the drugs.”*! It is interesting that in the majority of patients 
with type 2 diabetes, exercise-induced glucose utilization was not 
impaired but actually greater than in the nondiabetic individuals. In 
the meantime, the exercise-induced rise in hepatic GP can be re- 
strained by the prior use of hypoglycemic drugs, including sulfony- 
lureas, insulin, and inhibitors of FFA oxidation. The actions of sul- 
fonylurea drugs and exercise can potentiate each other and the 
hypoglycemic responses are further enhanced by sulfonylurea- 
induced insulin secretion, which restrains hepatic GP and reduces 
glucose supply to the working muscle.??? When glyburide was 
given to normal subjects before exercise, insulin levels increased 
about twofold and blood glucose levels fell to about 50 mg/dL.” 
The nadir in blood glucose levels was deeper and occurred more 
promptly than when glyburide was administered to resting subjects. 


Thus, normoglycemic patients with type 2 diabetes may be at : 
creased risk of developing hypoglycemia if they exercise 1-2 hot 
after ingesting sulfonylureas. In general, however, type 2 diabei 
individuals should avoid high-intensity exercise, which induces . 
exaggerated nse in counterregulatory hormones. Excessive hype 
glycemia can be triggered or worsened by a greater increase in C 
than glucose utilization. 

An appropriate exercise program should be a powerful adjun 
to the diet and drug therapies to improve glycemic control, reduc 
cardiovascular risk factors, and increase psychological well-being i 
individuals with type 2 diabetes. It has been clearly demonstrate 
that leisure-time physical activity, expressed in kilocalories ex 
pended per week in walking, stair climbing, and sports, was in 
versely related to the development of type 2 diabetes (Fig. 27-14).7! 
The incidence rates declined as energy expenditure increased fron 
less than 500 kcal to 3500 kcal. For each 500-kcal increment in en 
ergy expenditure, the age-adjusted risk of type 2 diabetes was re- 
duced by 6%.7!° In most patients, the benefits of exercise substan- 
tially outweigh the risks. However, attention must be paid tc 
minimizing potential exercise complications. 


TABLE 27-1. Effects of 6 Years of Diet and Exercise Therapy on Progression to Type lI Diabetes in Lean and Overweight Patients 


with Impaired Glucose Tolerance (DaQuing Study) 


Control Exercise Diet and Exercise 

Lean 

n 50 55 57 46 

Initial BMI (kg/m°) 22.4 21.8 21.7 22.3 

Percent diabetic (6 yrs) 30 21 15* 16* 
Overweight 

n 83 75 84 80 

Initial BMI (kg/m°) 28.5 28.3 27.9 28.6 

Percent diabetic (6 yrs) 60 36* 43* 42* 


*Significantly different from control group, p < 0.05. 


Roughly equal numbers of men and women, ages 44—46 at the onset of the study. were followed in each group. Results are means for indicated number of subjects. Diet consisted 
of a decrease in ethanol and refined sugar intake and an increase in vegetables in the lean young group and a similar diet with reduced calories in the overweight subjects. Exercise 
consisted of an increase in daily leisure physical activity of varying intensity. Lean and overweight groups expericnced smull increases and decreases in body mass index, respec- 
tively, over 6 years. Body fat and its distribution were not measured, or plasma insulin or triglyceride levels. Blood pressure was measured but not reported. 


Adapted from Pan et al.?!* 


472 DIABETES MELLITUS 


y =-1.69x- 28.30 r°=0.81 p= 0.0046 


CHANGES IN Kitt (%) 


-70 -65 -60 -5S -S50 -45 -40 -35 -30 -25 -20 


LOSS OF VAT (%) 


FIGURE 27-14. In overweight, type 2 diabetic patients (BMI: 30.2 + 0.9 
kg/m’), physical training with 45 minutes of cycling at 75% of Voz peak 
twice weekly for 2 months resulted in a marked (48%) loss of visceral adi- 
pose tissue (VAT). The loss of VAT was associated with a significant im- 
provement in insulin sensitivity indicated by the glucose disposal during an 
intravenous glucose tolerance test (Kitt). (Reprinted with permission from 
Mourier A, et al.?!*) 


Effect on Insulin Sensitivity in Nondiabetics 


The general effects of exercise on improvement of glucose toler- 
ance and insulin sensitivity have been well documented.”™ Insulin 
action in trained nondiabetic distance runners was enhanced in 
muscle, liver, and adipose tissue (Fig. 27-15). These effects of 
training are probably specific for aerobic exercise. Interestingly, no 
difference in specific binding of insulin to its receptor on mono- 
cytes was noted between the two groups. The increased insulin ef- 
fect is primarily mediated by postrecepter events, such as increased 
glucose transport and intracellular metabolism. Enzyme activities 
for both glycogen synthesis and glucose oxidation are stimulated 
by physical training. Decreased adiposity and increased muscle 
mass, due to long-term training, can also contribute to improve- 
ment in insulin sensitivity. Insulin levels are lowered as a result of 
enhanced insulin sensitivity. Single bouts of exercise in untrained 
nondiabetic subjects are also associated with increased insulin sen- 
sitivity, presumably due to depletion of muscle and liver glycogen 
stores. Single bouts of exercise can also decrease insulin resistance 
in obese normoglycemic and obese type 2 diabetic subjects, proba- 
bly related to improvements at both insulin receptor and postrecep- 
tor levels. 

The effect of exercise on insulin sensitivity may be dependent 
on specific types of physical work. Strength training, for example, 
results in a net increase in submaximal insulin-stimulated glucose 
disposal and glucose tolerance that is proportional to the increased 
muscle mass and probably does not represent an increase in insulin 
sensitivity per se. Cycling at 70% Vomax and 4 hours per week 
for 12 weeks did not significantly affect insulin-stimulated glu- 
cose disposal in either lean and obese nondiabetic men, or diet- 
controlled type 2 diabetic patients.?° There are many other effects 
of training that can directly or indirectly affect carbohydrate me- 
tabolism during rest and exercise. One study””* showed that ath- 


Maximum 
(~12000 pU/mi) 


Basal (~OpU/m!) Insulin-Stimulated 


O Control 
Trained 


7 


SS 


Wy 
SS 


NLL WY 


~~ m 


7 


Glucose Transport (fl/cell-sec) 
~N 
o 


FIGURE 27-15. Mean + SE values for basal, maximum. and insulin- 
stimulated glucose transport in adipocytes isolated from control (open 
bars) and trained (hatched bars) individuals. (Reprinted with permission 
from Rodnick KJ, et al.) 


letes have a larger capacity to secrete epinephrine in response to a 
variety of stimuli during rest. 

The metabolic benefits of physical training can also be appre- 
ciated from observing the effects of cessation of training or bed 
rest. It is known that exercise-trained people have a reduced insulin 
response to a glucose load. As rapidly as 14 days after cessation of 
exercise training, this insulin response increased. However, rates of 
whole-body glucose disposal were not different between exercising 
and inactive states, indicating a large increase in insulin resistance 
due to inactivity.” A 7-day bed rest also affected insulin respon- 
siveness of protein metabolism in humans.” After bed rest, sub- 
jects exhibited decreased glucose tolerance, increased endogenous 
insulin secretion, and a negative nitrogen balance compared with 
the control period. Because negative nitrogen balance and skeletal 
muscle atrophy occurred in the six rested subjects in the absence of 
changes in the two indices of protein breakdown used in this study, 
it seems likely that muscle protein synthesis was inhibited when 
compared with the period before bed rest. 

Studies also suggest that exercise can positively impact a pop- 
ulation of insulin-resistant, normal-weight individuals.” These 
individuals are not obese on the basis of weight and height, but 
are hyperinsulinemic, insulin resistant, and predisposed to type 2 
diabetes, hypertriglyceridemia, and coronary heart disease. The 
specific factors associated with insulin resistance in this popula- 
tion are central fat distribution, inactivity, and a low Vomax 
Long-term exercise and diet can significantly diminish their inci- 
dence of diabetes.””? 


Effect on Insulin Sensitivity 
in Patients with Diabetes 


Insulin binding to skeletal muscle in type 2 diabetic subjects was 
unaffected, but glycogen synthase activity was increased by train- 
ing.'©? However, hepatic insulin sensitivity, as judged by suppres- 
sion of hepatic GP, was not affected by training.’ When type | 
diabetic patients undergo exercise training that significantly in- 
creases their maximum oxygen consumption, glucose uptake in 
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response to a hyperinsulinemic euglycemic clamp is increased 
markedly.””’ Studies in streptozocin-diabetic rats indicate that the 
ability to adapt to chronic exercise in insulin-deficient states may 
depend on the severity of the condition. Mildly diabetic rats in- 
crease insulin sensitivity in response to exercise training, whereas 
severely diabetic rats do not show this change.?*° 

Studies in patients with type 2 diabetes have shown that an 
exercise training program that is feasible for most individuals can 
cause an improvement in glucose tolerance?!’ and lower glucose- 
stimulated insulin levels.?'? Insulin sensitivity, as assessed by 
glucose disposal during hyperinsulinemic euglycemic clamps, 
improves with exercise training.”!? By combining euglycemic 
clamps, infusion of radioactive glucose, and measurement of glu- 
cose metabolic rate, it is possible to differentiate between glucose 
oxidation and glucose storage, because the latter is a nonoxidative 
pathway. A combined exercise training and diet program increased 
the total glucose disposal rate during an insulin clamp in type 2 
diabetes by approximately 27%, due primarily to an accelerated 
rate of nonoxidative carbohydrate disposal (storage) (Fig. 
27-16).”*' In contrast, diet alone did not affect glucose storage. Ex- 
ercise alone does not appear to normalize muscular insulin sensi- 
tivity in insulin-resistant states. However, diet and exercise to- 
gether may correct this condition.” In the perfused hindlimb of 
trained and sedentary insulin-resistant obese Zucker rats, training 
and a high-carbohydrate diet independently increased glucose up- 
take above that in sedentary, obese Zucker rats (on a high-fat diet) 
but still below that in lean control rats. A combination of high- 
carbohydrate diet and training had a synergistic effect. Thus, it 
appears that the combination of diet and exercise has a more 


FIGURE 27-16. Carbohydrate disposal by nonoxidative processes, “stor- 
age.” The single asterisk indicates the significant increase in estimated stor- 
age within the group in the dietary therapy plus physical training group 
(p < .05), and the double asterisk shows the significant reduction in the 
group given dietary therapy alone. (Reprinted with permission from Bogar- 
dus C, et al.) 
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physiologic metabolic effect than diet alone. Basal and insuli 
suppressed hepatic glucose output was also reduced by diet a 
training, but no more than by the diet program alone. Traini 
programs lead to an improvement in insulin sensitivity in obe 
subjects even without concurrent weight loss or change in bor 
composition (Fig. 27-17).7!9 Nevertheless, since weight reducti 
by itself can also improve insulin sensitivity, it is likely that exe 
cise training that results in loss of body fat will yield optimal r 
sults on carbohydrate metabolism. 

Although insulin sensitivity is improved and muscular met 
bolic capacity is increased, it is unresolved whether glycem 
control is effectively improved in trained individuals with type 
diabetes. Indeed, there was no improvement in glycosylated hem 
globin levels, glycosuria, or fasting plasma glucose levels folloy 
ing training programs that resulted in significant increments 
maximal oxidative capacity.™ In contrast, training can impro 
glycemic control in type 2 diabetes. It is important to note th 
individuals with different degrees of insulin resistance do not ada 
to training in the same way. For example, training in insuli 
resistant conditions characterized by high rates of insulin secretic 
can lead to a decrease in the release of this hormone.”’” On tl 
other hand, training in subjects with insulin resistance and low i: 
sulin secretion has been shown to increase the rate of insulin secr 
tion.?”° Finally, an improvement in insulin action in trained di 
betic and nondiabetic subjects could be due to the cumulati 
effects of single exercise bouts rather than to long-term adaptatio! 
to exercise training.*** This is based on two lines of evidence. Fir: 
the effects of training on insulin action are rapidly reversed by i: 
activity, whereas the effects of training on oxygen uptake and le: 


FIGURE 27-17. Glucose disposal in diabetic subjects (n = 10) and co 
trols (n = 13) during euglycemic clamp before (hatched bars) and aft 
(open bars) physical training for 3 months, 3X weekly 50-minute alte 
nate heavy (80%—90% Vo max) and light periods. There was no change 
BW, cell mass, or adipose cellularity. (Reprinted with permission fre 
Kratkiewski M.et al.7!*) 
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inad 23 : 
body mass are more sustained.” Second, an acute bout of exercise 
and exercise training share similar effects.'*! 


Effects on Muscle and Adipose Tissues 


The skeletal muscle is the major site of the increase in insulin action 
that occurs with training, due to its large mass of insulin-sensitive 
tissue and its fundamental role during physical work. Skeletal mus- 
cle in trained rats is more insulin sensitive than in sedentary control 
animals, due mainly to increased glucose oxidation.” Hyperinsu- 
linemic euglycemic clamps combined with the 2-deoxy-glucose 
technique demonstrated an increase in maximal insulin-stimulated 
glucose metabolism in soleus and red gastrocnemius, and an in- 
creased insulin sensitivity in soleus, gastrocnemius, extensor digi- 
torum longus, and diaphragm in exercise-trained rats compared 
with sedentary control rats."'°* The increase in insulin action in 
skeletal muscle during habitual exercise may be due in part to an 
increase in insulin binding to its skeletal muscle receptor. It is sur- 
prising, however, that for similar amounts of bound insulin, trained 
rats had a decrease in the activity of the tyrosine kinase activ- 
ity.2*>5° Skeletal muscle adapts to aerobic exercise training so that 
it more readily uses fuel and oxygen. Physical training greatly en- 
hanced mitochondrial oxidative enzyme activities, which last 
4-6 weeks following the cessation of training in both type 1 and 
type 2 diabetic individuals.” Streptozocin-diabetic rats have de- 
ficits in cytoplasmic and mitochondrial enzyme in muscle fibers, 
which are increased by training. In type | diabetic patients, training 
programs can lead to increases in skeletal muscle citrate synthase 
and succinate dehydrogenase that parallel an increase in insulin sen- 
sitivity.” Improvement in insulin sensitivity with exercise training 
is associated with upregulated enzymes responsible for the phos- 
phorylation, storage, and oxidation of glucose, and also with con- 
version of fast-twitch glycolytic IIb fibers to fast-twitch oxidative 
Ila fibers that are more insulin sensitive.” 

It is well documented that both insulin and exercise translocate 
GLUT-4 from intracellular sites to the plasma membrane. The ef- 
fect of insulin is more pronounced in red than in white muscle.” 
The translocation from internal membranes to the muscle trans- 
verse tubules is at lest least as important as the transfer to plasma 
membrane"! because the area of transverse tubules that penetrates 
the various muscle structures is much larger than that of plasma 
membrane. Swimming or free-wheel running induces rapid in- 
creases in the expression of the insulin-sensitive GLUT-4 protein 
and enhancement of glucose transport capacity and insulin-induced 
glycogen storage in the muscle in the normal rat??? In male pa- 
tients with type 1 diabetes, acute exercise (3 hours at cycling) de- 
creased cellular GLUT-4 mRNA content, while GLUT-4 protein 
content remained unchanged in the quadriceps femoris.™” In type 2 
diabetic patients, physical training increased both muscle GLUT-4 
protein and mRNA.“ However, human studies thus far could only 
measure total GLUT-4 content but not translocation of GLUT-4. 
Since glucose transport does not depend on the total cellular amount 
of GLUT-4 but on plasma membrane abundance of this protein, the 
human studies are not conclusive. 

A recent study provided compelling evidence that regular exer- 
cise results in a marked preferential reduction (48%) in central obe- 
sity and a significant increase (23%) in thigh muscle tissue area, 
both of which help improve insulin resistance in type 2 diabetes.” "? 
Another new role of insulin is to induce vasodilation in skeletal 
muscle and increase muscle blood flow, leading to an increase in 
blood glucose extraction by the muscle.” It is known that a re- 


duced ability of insulin to vasodilate skeletal muscle contributes to 
insulin resistance in type 2 diabetes. Exercise training has been 
found to improve both muscle blood flow and glucose extraction in 
response to insulin.?”” 

Changes in muscle capillary density can also affect insulin sen- 
sitivity by altering the exposure of muscle to insulin and glucose. 
In the rat, muscles with highest blood flow are the most insulin sen- 
sitive.” In humans, muscle capillary density is strongly correlated 
to the total glucose disposal rate during a hyperinsulinemic eug- 
lycemic glucose clamp.™™® However, postexercise muscle blood 
flow was 40.1 mL/min/1!00 g of tissue in the nondiabetic subjects 
and was significantly reduced in 10 type | diabetic (25.7 mL/ 
min/100 g) and 11 type 2 diabetic patients (14 mL/min/100 g).7*” 
Muscle capillary density was not improved by exercise training in 
the diabetic patients,”“* although it increased significantly (50%) in 
nondiabetic athletes. 

In addition to skeletal muscle, adipose tissue represents an- 
other site of adaptation to training. Regular physical activity 
increases insulin-stimulated glucose uptake,""?"” oxidation,®° and 
incorporation into fatty acids” in rat adipocytes. The improvement 
of insulin action may relate to the reduced fat cell size after physi- 
cal training. One such study demonstrated that insulin-stimulated 
2-deoxyglucose uptake and 1-'*C-glucose oxidation in adipocytes 
were highly correlated to fat cell size in exercise-trained, seden- 
tary, and calorie-restricted sedentary rats. The increase in insulin 
action in adipocytes of trained rats occurs in the absence of any 
changes in insulin binding, indicating a modification in a postbind- 
ing event. 


Exercise and Cardiovascular Health in Diabetes 


Regular aerobic exercise results in significant improvements in 
lipid profile, blood pressure, and body fat distribution in type 2 di- 
abetes.“° Regular exercise can potentially diminish the risk for 
atherosclerotic macrovascular disease in type 2 diabetic patients, 
as it does in the general population. Hyperinsulinemia, insulin re- 
sistance, and/or increases in intra-abdominal adipose mass (cen- 
tral obesity) are related to a high risk of atherosclerosis in type 2 
diabetes. The basis for the effect of exercise may be its ability to 
diminish or prevent these risk factors.?°' Cardiovascular benefits 
of exercise are best achieved by aerobic exercise that improves 
maximal aerobic work capacity, (Vomax) by both enhanced car- 
diopulmonary function and increased oxidative metabolism in the 
muscle.!”” 

Atherosclerotic vascular complications, affecting arteries in 
the heart, brain, and extremities, account for most morbidity and 
mortality in type 2 diabetic patients. Epidemiologic data and ani- 
mal studies all indicate that physical training might retard athero- 
sclerotic vascular disease in the general population although hard 
epidemiologic data are still lacking.”°' The incidence of fatal myo- 
cardial infarction among persons who exercised regularly for more 
than 10 years could be reduced by one-half in comparison with the 
sedentary controls, independent of other known risk factors includ- 
ing hypertension, cigarette smoking, and hypercholesterolemia. 

It was shown that in type 2 diabetes. training can affect a num- 
ber of parameters related to blood coagulation, but it is too early to 
indicate whether or not this represents an antiatherogenic effect of 
exercise. In the untrained state, fibrinolytic activity was impaired in 
diabetics and resting levels of plasma fibrinogen and the prothrom- 
bin time (PT) were increased. Activation of fibrinolysis occurred 
following exercise in both groups but the increment was less in pa- 
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tients with diabetes. Physical training could improve the resting 
and postexercise activated partial thromplastin time (APTT), 
Vomax, and resting fibrinolytic activity in diabetics, in associa- 
tion with improved glycemic control.” Hyperlipidemia and disor- 
ders in lipoprotein metabolism are major risk factors for cardiovas- 
cular disease and occur with higher frequency in both type 1 and 2 
diabetes. There is an increased prevalence of hyperlipidemia and 
diminished high-density lipoprotein (HDL) cholesterol in diabet- 
ics, presumably a function of metabolic control. Recent studies in 
type 1 diabetes”*? show that intensive training increases the ratio of 
HDL cholesterol to total cholesterol. Training can reduce triglyc- 
eride levels in type 2 diabetes, an effect that appears to be rapidly 
reversed by inactivity. Hypertension markedly increases the fre- 
quency of vascular disease and occurs with greater frequency in pa- 
tients with diabetes than in normal subjects. It is now recognized 
that essential hypertension is associated with insulin resistance and 
hyperinsulinemia, even in the absence of diabetes and obesity. In 
general, active individuals have lower systolic and diastolic blood 
pressure than sedentary control individuals matched for age.”*! 


SUMMARY AND SOME PRACTICAL 
RECOMMENDATIONS 


The sedentary and over nourished lifestyle in nearly two-thirds of 
the population in modern society plays a critical part in the twen- 
tieth century “epidemic” of coronary heart disease. Physical activ- 
ity and fitness are key determinants of whole-body or total health, 
that is, physical, social, cultural, and spiritual well-being. Inspired 
by the desire of diabetic patients to participate in various physical 
activities, sports, and games, there is a drastic increase in the 
number of publications related to sports activities for people with 
diabetes, '©!:!7225! 

With the discovery of insulin, Joslin recommended that diet, 
insulin, and exercise represent the management triad in diabetes. 
The importance of exercise and general considerations with respect 
to exercise and diabetes have been reviewed and detailed plans for 
specific exercise prescriptions have been discussed.” 

Exercise cannot be regarded as an isolated, separate therapy 
but must be incorporated into the total program of treatment, in- 
cluding medication and diet. While most experts recommend aero- 
bic exercise for improving insulin sensitivity and carbohydrate 
metabolism, some researchers suggest that some patients might 
benefit from resistance training. Some very general guidelines are 
recommended: 


1. Before prescribing an exercise program, perform a complete 
history and physical examination. Evaluate diabetes control 
and complications. 

2. Prescribe a moderate work load that is enjoyable and can 
increase slowly. Lifting and strong resistance training should 
be avoided. 

3. Encourage self-managed blood glucose monitoring to docu- 
ment glycemic responses to various exercise modalities. 

4. Encourage patients to schedule exercise to reduce postprandial 
hyperglycemia and discourage exercise during insulin action 
peak. 

5. Exercising extremities should not be used as insulin injection 
sites. 

6. Alert patients about the possibility of delayed exercise-induced 
hypoglycemia. Always have carbohydrate liquid handy. 
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7. Individuals who have been sedentary for years should beg 
exercising with a warm-up and proceed gradually to vigorot 
preferably aerobic activity and conclude with a cool-dov 
period. 

8. Patients with evidence of peripheral neuropathy should st 
away from running and sports involving pounding of the low 
extremities that are likely to produce chafing and blister 
Bicycling and swimming are ideal for most patients wi 
diabetes. 

9. Be aware of the potential problems of combining exercise wi 
a diet that is deficient in calories or essential nutrients. Die 
containing low calories and low carbohydrates can increa: 
risks of cardiac arrhythmia, ketosis, and sudden death. 


In conclusion, significant medical, physical, and psychologic: 
benefits of exercise can and should be achieved in most patien 
with diabetes. Appropriate planning will optimize these benefi: 
and minimize potential complications and risks. 
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insulin Chemistry and Pharmacokinetics 
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INTRODUCTION 


In the early 1920s, Banting and Best' demonstrated the blood glu- 
cose lowering effect of pancreatic extracts and discovered a 
method for treating diabetes mellitus using an exogenous source of 
insulin. Since this breakthrough discovery, the intense focus on 
insulin research has produced extensive knowledge about the hor- 
mone’s three-dimensional structural properties (see Chaps. 3 and 
5), its biosynthesis at the molecular and cellular level,** and its bi- 
ologic and physiologic effects.’ Despite the current understanding 
of insulin biochemistry, subcutaneous injection therapy remains 
the predominant method for effectively treating the more severe 
type | form of diabetes mellitus (T1DM). Therefore additional 
research efforts have been directed toward improving the overall 
effectiveness of insulin treatment, the goal being to mimic as 
closely as possible insulin secretion patterns in normal individuals. 
Frequently, this more practical emphasis on enhancing drug ther- 
apy has been directly influenced by discoveries made from more 
fundamental scientific explorations. 

The chronology of the major achievements forming the basis 
of modem diabetes treatment have been discussed in previous 
reviews.’ In the area of pharmaceutical formulation, significant 
developments have been made involving the optimization of 
excipients, improvements in insulin purity, and the nearly total 
replacement of animal insulins with both recombinant human in- 
sulin and recombinant human insulin analogs. Consequently, in- 
sulin therapy has evolved from the early crude solutions of pan- 
creatic insulin to a series of pharmaceutical preparations with 
short-, intermediate-, and long-acting profiles. Although the in- 
vention of the longer-acting, insoluble depot insulin preparations 
in the 1930s (protamine zinc insulin), the 1940s (NPH insulin), 
and the 1950s (zinc insulins) gave patients some reprieve from 
multiple daily injections of soluble insulin, for the most part 
these insulin formulations have not adequately mimicked normal 
insulin secretion, and thus have not provided optimal glycemic 
control.” The large intra- and intersubject variability of absorp- 
tion from the subcutaneous injection site is another major prob- 
lem associated with current insulin preparations. Various ap- 
proaches have been proposed in an effort to optimize insulin 
therapy using the available insulin preparations, involving multi- 
ple injection regimens,” continuous subcutaneous insulin infusion 
(CSII),'° and delivery devices.'' Alternative modes and routes of 


delivery for insulin and other therapeutic agents have als 
investigated." 

Large-scale, controlled multicenter clinical trials such 
Diabetes Control and Complications Trial (DCCT)!* have re 
provided conclusive evidence that effective blood glucose c 
using intensive insulin therapy reduces the development an 
gression of long-term microvascular and neurologic complic 
of TIDM. Normalization of plasma glucose concentration re 
duplication of the physiologic plasma insulin secretion p 
with elevations associated with meal consumption and a low 
concentration during fasting. The intensive injection thera; 
quired to achieve normoglycemia is very demanding and im 
rigid constraints on the life style of the patient, and also prese 
increased risk of severe hypoglycemia. There is optimism th 
new human insulin analogs recently approved will at least pa 
overcome the many inadequacies of older, traditional ins 
Clinical experience to date suggests these new analogs (i! 
lispro and insulin aspart, both very rapid-acting, soluble, mei 
insulins; and insulin glargine, a soluble, basal insulin) di 
more desirable pharmacokinetic and glucodynamic behavio) 
the older insulins.'* 

The previous approaches to optimize insulin preparations 
not directed towards the intrinsic physicochemical propert 
the insulin molecule. In particular, the potential role of insulir 
association on absorption was not considered, largely be 
detailed molecular information was lacking and conven 
methodology to manipulate the primary structure was limited 
achievements derived from basic biochemical research on i1 
changed the current thinking about the nature of insulin p 
rations. High-resolution x-ray crystallographic data” and adv 
in molecular biology' provided both the insight and abil 
explore the impact of insulin self-association on pharmacc 
properties. The crystal structure of insulin provided a detaile 
derstanding of the amino acids and molecular interactions inv 
in insulin self-association. Recombinant DNA technology m 
possible to specifically modify any amino acid in the natis 
quence of insulin without having to rely on chemical modific 
or semisynthetic methods that are generally site-restricted.'® 
optimization approaches based on a rational design of the i 
molecule became possible. 

In this chapter, the various molecular modifications result 
insulin analogs displaying altered pharmacological properti 
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reviewed. Specific emphasis is placed on analogs with amino acid 
modifications that disrupt insulin self-association. Research in this 
area has resulted in the creation of “monomeric” insulin analogs 
that are formulated as solution preparations and display more 
desirable pharmacokinetic profiles to cover meal-related insulin 
requirements. Efforts to modify the self-association of insulin to 
produce basal therapies have been more challenging. In this case, 
other design strategies to manipulate the properties of insulin have 
been employed. 

For example, insulin glargine’s basal action results from low 
solubility at physiologic pH due to a shift of the isoelectric point to 
near neutrality. The physicochemical properties of insulin and the 
formulation and pharmacologic aspects of conventional insulin 
preparations are also discussed to provide the necessary back- 
ground information and the basis for application of rational design- 
based drug regimens for modern insulin treatment. 


PHYSICOCHEMICAL PROPERTIES 
OF NATIVE INSULIN 


The primary structure of insulin was determined by the pioneering 
work of Sanger and colleagues at Cambridge University beginning 
in the late 1940s and culminating with the elucidation of amino 
acid sequences for several mammalian insulins in the 1950s." In- 
sulin is a 5800-Dalton-molecular-weight protein having 51 amino 
acids and consisting of two polypeptide chains designated the A 
chain and the B chain (Fig. 28-1). The A chain contains 21 amino 
acids, while the longer B chain is composed of 30 residues. Two in- 
termolecular disulfide bonds involving cysteine residues A7,B7 
and A20,B19 connect the individual chains. There is one additional 
intramolecular disulfide bond in the A-chain sequence between 
cysteine residues at positions A6 and A11. Putative residues in- 
volved with receptor interactions have been deduced from studies 
involving modification of selected residues.'* 


Much of the structural knowledge of insulin has been derived 
from studies conducted on bovine and porcine insulins. Bovine in- 
sulin differs from the human sequence at two positions in the 
A chain, in which alanine replaces threonine at position A8 and 
valine substitutes for isoleucine at residue A10. The B chain of 
bovine insulin additionally differs at position B30, where threonine 
is replaced by alanine. A similar alanine substitution at position 
B30 occurs in porcine insulin, and is the only difference relative to 
the human sequence. These sequence differences are not thought to 
affect the structural aspects or ligand binding properties of the 
three wild-type insulins. Today, the primary structures for more 
than 100 species of insulin and related molecules are known. Con- 
sidering all the species of insulin and the various insulin analogs 
synthesized for structure and activity studies, more than 1000 mol- 
ecules have likely been studied in insulin chemistry laboratories 
throughout the world [personal communication with J.E. Shields]. 


Structure of the Monomer 


At dilute solution concentrations (<0.1 pM, ~0.6 wg/mL), insulin 
exists as a monomer. Insulin circulates in plasma as a monomer,” 
and it is this form that interacts with the receptor.* X-ray crystallo- 
graphic studies suggest that the three-dimensional structure of the 
monomer is not substantially altered upon self-association to the 
dimer and the hexamer.”? The tertiary structure of the insulin 
monomer derived from x-ray crystallography” (Fig. 28-2A) indi- 
cates that the A chain consists of two a-helical segments involving 
residues Al-A8 and A13-A19, that are connected by a short loop 
from A9 to A12. The remaining two C-terminal residues are in an 
extended conformation. Structural elements of the B chain consist 
of a straight chain at the N-terminus (B1-B8) followed by an 
a helix (B9-B19) and ending with a long B strand (B20-B30) at 
the C terminal end. There is extensive conformational flexibility in 
the N-terminal region of the B chain, such that binding of certain 
ligands to insulin hexamers can induce an a-helix structure involv- 


FIGURE 28-1. Primary structure of human insulin with amino acid residues involved in dimer formation shown 
in black and those involved in assembly of the Zn**-insulin hexamer in gray. The arrows indicate putative sites 
involved in receptor interactions. (Reproduced with permission from Brange et al.“’) 


A chain 


10 11 12 


8 9 13 14 


15 16 17 18 19 20 


123 4 5 6 7 


B chain 


8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 


Chapter 28 


ing residues B1-B8 in the monomer subunits.?! This structural 
transition is discussed further in the section on self-association and 
ligand binding. 

The solution state conformation of the insulin monomer has 
been examined by several experimental and theoretical techniques 
including NMR,” circular dichroism,” competitive labeling of 
functional groups,” and molecular dynamics simulations.” In con- 
trast to x-ray crystallography data, the results of some of these 
studies suggest that there are conformational differences between 
the free and associated insulin monomer. While the significance of 
the purported differences is still not entirely understood, the results 
of other studies suggest that conformational flexibility in the 
insulin monomer is necessary for receptor interactions.”° 

High-resolution (500 MHz), 'H Fourier transform nuclear 
magnetic resonance (NMR) imaging conducted on dilute solutions 
of insulin at pH 8.0 (pH electrode reading) and higher has allowed 
the spectrum of the native insulin monomer to be obtained.” 
Spectral changes observed under conditions at which the dimer 
predominates were interpreted as differences between the monomer 
conformation in the free and associated states. A vacuum ultravio- 
let (UV) circular dichroism study exploring the changes in second- 
ary structure associated with the dissociation of insulin hexamers 
also revealed structural differences between the free and associated 
monomers.” 


insulin Self-Association and Ligand Binding 


The self-association of insulin has important implications in in vivo 
processes* and in pharmaceutical formulation.” Insulin associa- 
tion has been studied in solution with several elegant physical 
chemistry methods as reviewed recently by DeFelippis and col- 
leagues.” These include ultracentrifugation, light scattering, equi- 
librium dialysis, difference UV absorbance spectroscopy, stopped- 
flow kinetics, osmometry, circular dichroism spectroscopy, and 
NMR. In the absence of divalent metal ions, insulin exhibits a com- 
plex association pattern consisting of monomer, dimer, tetramer, 
hexamer, and higher-order species, all in dynamic equilibrium and 
further influenced by protein concentration, pH, ionic strength, and 
temperature. Multiple models have been used to describe insulin 
self-assembly; however, it is clear that dimer formation is a neces- 
sary prerequisite for higher order aggregation.~” Metal ions such as 
zinc will shift the equilibrium towards the formation of insulin 
hexamers.” 

X-ray crystallography has provided the most detailed in- 
formation concerning the interactions involved in insulin self- 
association.” The predominant forces resulting in dimer formation 
are nonpolar interactions and hydrogen bonds. With the exception 
of the asparagine residue at position A21 (a highly conserved 
amino acid among insulin species), the amino acids involved in 
dimer formation are all located in the B chain (Fig. 28-1). Most of 
the nonpolar interactions occur in the extended, C-terminal region 
of the B chain involving residues B23—26 and B28. A short, anti- 
parallel B sheet with hydrogen bonds involving residues B24 and 
B26 also secures the C-terminal B chains of adjoining monomers 
(Fig. 28-2B). The importance of the C-terminal B chain residues in 
monomer-monomer association is demonstrated by despentapep- 
tide insulin (lacking residues B26—B30).7°"! 

The divalent metal ion binding capacity of insulin was first 
demonstrated by Scott,” and the presence of zinc is known to 
cause specific aggregation to hexamers. Hexamer formation is 
strongly pH-dependent, occurring when the molar ratio of zinc to 


INSULIN CHEMISTRY AND PHARMACOKINETICS 4 


insulin is between 0.33 and 1.0 and the protein concentration 
above 0.5 mg/mL.*°* ? Note that these conditions are achieved 
commercial solution preparations of insulin. A value of 10'! M 
has been reported for the dimer-hexamer association constant 
zinc-containing porcine insulin.™?! Two classes of zinc bindi 
sites have been identified in the insulin hexamer. The stronger zi 
binding site has an apparent association constant of 10°-10° M 
while the weaker one is in the range of 10°-10* M7 '.” The insu 
hexamer is capable of binding additional zinc ions.” Multip 
weak zinc-binding sites involving interactions with carboxyl: 
groups have also been observed by x-ray crystallography studi 
on zinc-soaked crystals.*° 

X-ray crystallography studies have led to the identification 
three hexameric insulin structures designated 2-Zn, 4-Zn, and t 
phenol-induced species.™?!?” The naming convention original 
based on analytically-determined zinc content” leads to confusi 
since the 2-Zn form can bind more than two zinc ions** and tl 
4-Zn hexamer does not bind four zinc ions in all examples stu 
ied.*” Therefore, the three structures are more appropriately d 
fined in accordance with allosteric nomenclature as Ts, T3R3, at 
Rg, respectively.** The T and R designations refer to the conform 
tional transitions associated with the B1-B8 residues in the insul 
monomer subunits of the hexamers (Fig. 28-2D). Regardless ı 
these structural differences, all three hexamer forms are obla 
spheroidal assemblies having a diameter of ~5 nm and a height « 
~3.5 nm. 

Evidence for the existence of the various hexamer forms i 
solution has been obtained using circular dichroism,” UV-visib] 
absorption spectroscopy,***"*! and NMR.” Direct evidence for th 
existence of a solution state R6 hexamer structure has bee 
recently obtained by 'H-NMR.* The exceptional thermal stabilit 
of this hexamer form allowed high-resolution NMR spectra to b 
obtained, demonstrating an overall similarity between the seconc 
ary, tertiary, and quaternary structure between solution and crystz 
structures. Furthermore, the distinctive secondary structural fea 
tures of the N terminus of the B chain were observed. Of the thre 
hexamer structures, the R, species is particularly relevant t 
pharmaceutical solution preparations of insulin, since phenoli 
excipients are added as antimicrobial agents. The other structures 
specifically the Te form, may be associated with the events control 
ling hexamer dissociation at the subcutaneous injection depot. 

In the Ts insulin structure, three dimers are assembled aroun: 
two centrally-located zinc ions positioned in a solvent-filled cavit: 
running through the hexamer (Fig. 28-2C). Each of the zinc ions i 
coordinated to three histidine B10 side chains, one from eacl 
dimer and three water molecules in an octahedral arrangement.” A 
the center of the hexamer, six glutamic acid B13 residues ar 
arranged in a circular pattern, and the charge repulsion caused b: 
the close proximity of the normally ionized carboxy] side chain 
necessitates zinc binding to stabilize hexamers. This fact is empha 
sized by substitution of the glutamic acid residue at position B1: 
with glutamine, resulting in an insulin analog capable of formin; 
stable, zinc-free hexamers." Assembly of the hexamer causes bot! 
polar and nonpolar residues to be buried between dimers, althougl 
the packing is much looser than in the interface between monomer 
comprising the dimer. The six monomer subunits of the Tę insuli 
hexamer all have B1-B8 residues in an extended conformation 
while the B9-B19 regions are a-helical. 

Crystallization of insulin conducted in the presence o 
high concentrations of lyotropic anions such as chloride ion o 
thiocyanate results in the T;R; hexamer.*”* Note that lyotropi 
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anions cannot drive the T — R transition to completion. In three 
of the monomer subunits, the N-terminal BI-B8 residues adopt 
an a-helical conformation producing a continuous a helix from 
B1-B19, while the monomers in the other half of the hexamer all 
have an extended chain in this region (Fig. 28-2D). This confor- 
mational transition displaces the N terminus of the B chain by 
more than 30 A, producing three symmetry-equivalent cavities in 
the vicinity of the B5 histidine residues. X-ray crystallographic 
studies indicate that these cavities are either fully or partially oc- 
cupied by zinc ions coordinated in a tetrahedral geometry involv- 
ing the side chain of histidine B5, the side chain of histidine B10 
positioned in an orientation off the 3-fold axis, and two water 
molecules.” A zinc ion can also be coordinated on the 3-fold axis 
by another orientation of the three symmetry-related histidine 
B10 side chains and a chloride ion in a tetrahedral geometry.” 
The other zinc ion in the T-state trimer is octahedrally coordinated 
by three symmetry-related B10 histidine residues and three water 
molecules, similar to the geometry observed in the Tg insulin 
hexamer.” 

More recent x-ray crystallographic studies on the TR, human 
insulin hexamer have shown that the putative off-axial zinc binding 
sites do not contain zinc ions, but rather are filled with water mole- 
cules.** In addition, both of the axial zinc ions exhibit a dual coor- 
dination pattern with no evidence for a second orientation of the 
B10 histidine residue. Most notably, the T — R transition in 
the R-state trimer results in the formation of a 12-A-deep channel. 
The zinc ion lies at the bottom of this channel, isolated from the 
environment.” These authors suggest that zinc dissociation from 
the hexamer requires conversion of the R-state trimer to the T con- 
formation, allowing solvent access to the metal site. They also 
observed that the first three N-terminal B-chain residues were ex- 
tended rather than a-helical in the R-state monomer subunits. The 
term R' is now used to distinguish the B1-B3 “frayed” conforma- 
tion from the fully a-helical R form (see Fig. 28-2D), and the hexa- 
mer conformation is referred to as T}R, H164 

Some phenolic molecules that are used as antimicrobial agents 
in pharmaceutical preparations have been shown to bind the in- 
sulin hexamer.”'“* In this hexamer structure, referred to as Rg, the 
N-terminal B1-B8 residues of all six monomer subunits are a heli- 
cal, producing a continuous helix from B!-B19. There are two off- 
axis binding sites at each dimer-dimer interface, and each position 
contains one phenol molecule. Each pheno! molecule donates a 
hydrogen bond to the A6 cysteine carbonyl oxygen and accepts a 
hydrogen bond from the A11 cysteine amide nitrogen.” The phe- 
nol molecules are located in a cavity formed by A-chain residues of 
one dimer and the B1~B8 helix from an adjacent dimer. This 
arrangement allows the histidine B5 residue to link the dimer 
through van der Waals contacts with the phenol molecule. There 
are two zinc ions located on the hexamer 3-fold axis, both of which 
are coordinated in a tetrahedral arrangement involving the three 
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B10 histidine side chains and a chloride ion. The a-helic: 
extended above the zinc binding sites, limiting accessibility < 
vent to the metal ions.” 


INSULIN SECRETION IN NORMAL INDIVIDUALS 


Insulin is matured from preproinsulin and proinsulin, storec 
secreted by the B cells of the islets of Langerhans in the pan 
(see Chaps. 3 and 4). The biochemical events associated with 
processes and corresponding structural transformations of th 
sulin molecule are now becoming understood in great detai. 
the storage vesicles, insulin hexamers form microcrystals tha 
parently serve to protect the hormone from proteolytic degrada 
Upon release into serum, the insulin microcrystals experien 
change in pH (~5.5 to 7.4) destabilizing favorable hexamer i 
actions. Dilution of the zinc ions also occurs, causing rapid h 
mer dissociation and crystal disintegration. Secreted insulin e1 
the portal vein and is delivered directly to the liver, where a 
half is removed by first-pass metabolism. The concentratio: 
insulin in the blood is 10~*-1!07'' M, ensuring that the hom 
circulates and interacts with its receptor as a monomer.” 

Studies conducted in normal subjects have defined the phy 
logical secretion profile in response to various test meals over 
course of 24 hours (Fig. 28-3).°*°" The insulin secretion profil 
pulsatile and displays both stimulated and basal phases. In 
stimulated phase, increases in serum insulin may reach level: 
60-80 U/mL or more within a few minutes before to 15- 
minutes after a meal is ingested, and decline rapidly to basal lev 
(5-15 U/mL) within 120-180 minutes. These elevations 
insulin result in disposal of glucose and other nutrients into the 
ripheral tissues, principally muscle tissue and to a lesser ext 
into the liver and fat. Between meals and through the night, lov 
levels of insulin are secreted at approximately 1 unit per hc 
(note that an international unit of insulin is equal to ~35 p 
Basal insulin secretion restrains but does not totally inhibit ł 
patic glucose production, assuring adequate substrate for cereb: 
glucose metabolism.® 


INSULIN PREPARATIONS: PROPERTIES, 
PHARMACOLOGY, AND DEFICIENCIES 


Pharmaceutical Preparations 


Throughout the history of insulin, the desire to optimize subcut 
neous injection therapy to more closely simulate the secreti 
patterns of normal persons has influenced the nature of the pharm 
ceutical preparations used for treatment. The most significa 
advances have occurred in the area of pharmaceutical formulatic 
where excipients have been optimized and approaches defined 


a 
FIGURE 28-2. Insulin structure and pattern of self-association. Panel A shows the porcine insulin monomer structure with the A chain drawn using thin lii 
and the B chain drawn using thick lines. Panel B shows the antiparallel B sheet and hydrogen bonding structure within the insulin dimer. The pattern of insu 
self-association from monomers to dimers and zinc-induced hexamers is depicted in pane] C. Only backbone and selected side chains important to assem 
are shown. The histidine residues at position B10 coordinate the two central zinc tons. The six B13 glutamic acid residues are buried in the hexamer. At ni 
tral pH, the side chains of these residues are negatively charged, and these unfavorable interactions may play a role in hexamer dissociation upon removal 
zinc ions. Insulin hexamers adopt various quaternary structures in the presence of certain anions or phenolic molecules. Conformational changes are locali; 
to residues B1-B8 of monomer subunits. For ease of viewing. panel D only shows the conformation of insulin B chains in the T state. R state, and R' ste 
(Panels A and B reproduced with permission from Baker et al": panel C reprinted with permission from Dodson and Steiner’; panel D reprinted with perm 


sion from Ciszak et al.) 
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FIGURE 28-3. Mean peripheral plasma insulin and glucose profiles in five 
normal subjects ingesting 630-kcal meals composed of 40% carbohydrate, 
40% fat, and 20% protein. The meals took 15 minutes to ingest. All subjects 
were ambulatory but did not exercise. The plasma glucose concentration 
increased only 50% during the meals, whereas the plasma insulin concen- 
tration increased approximately 600%. The pattern of the rise in plasma 
insulin concentration closely matches that of the rise in plasma glucose 
concentration. (Reproduced with permission from Schade et al.) 


alter pharmacokinetics. Several comprehensive reviews describe 
the various insulin preparations that have been available over the 
years.””°'*? The specific developments leading to present day 
insulin preparations are briefly discussed here to provide the neces- 
sary background information relating to physical and pharmaco- 
logic properties. 

Commercial insulin preparations are generally classified 
depending upon duration of activity as rapid-acting (reaching peak 
insulin concentrations from approximately 1-3 hours following 
subcutaneous injection, with a maximum duration of action of 4-6 
hours), intermediate-acting (reaching peak insulin concentration at 
approximately 4-12 hours following subcutaneous injection, with 
a maximum duration of action of 14-20 hours), or long-acting 
(minimal peak with a maximum duration of action of 20-30 
hours). Rapid-acting preparations are solutions of insulin, while 
intermediate- and long-acting preparations are composed of amor- 
phous and/or crystalline insulin particles. 


Formulation Properties 

The earliest insulin preparations were slightly irritating, acidic 
solutions containing impure insulin isolated from animal pancreata. 
Because of the low purity of these preparations, patients typically 
required 4-6 daily injections. A neutral pH, solution preparation of 
insulin containing NaCl as a tonicity modifier and the preservative 
methylparaben was not developed until the 1960s. Current, com- 
mercially available rapid-acting human insulin preparations are 
most commonly unbuffered, neutral pH solutions manufactured in 
100 U/mL (approximately 3.5 mg/mL insulin) with some 40 U/mL 
(approximately 1.4 mg/L insulin) strengths. Alternatively, a phos- 
phate buffer (neutral pH) is included specifically for insulin solu- 
tions formulated for use with pump devices. Other excipients in- 
cluded in these preparations include Zn?* ions and glycerin as a 
tonicity modifier. A phenolic preservative, such as m-cresol at a 
concentration of about 3 mg/mL, is also included to satisfy strin- 
gent antimicrobial effectiveness regulatory requirements for multi- 


dose parenteral products. The significance of formulation ingredi- 
ents was not fully appreciated prior to the attainment of a detailed 
understanding of insulin structure, self-assembly, and phenolic lig- 
and binding propensity. Due to the concentrations of insulin, zinc 
ions, and phenolic preservative in these preparations, the Rg hexa- 
meric form of insulin likely predominates in solution. 

The limited duration of action of the early insulin preparations 
required inconvenient multiple dosing regimens and carried the 
risk of overnight hyperglycemia. These deficiencies led to the de- 
velopment of modified formulations with prolonged action, so in- 
jection frequency could be reduced and insulin activity maintained 
through the night. The first successful extended-acting preparation 
utilized protamine to precipitate insulin as a noncovalent com- 
plex.°*** Protamine is a highly charged (pI ~13.5), basic peptide 
consisting of about 30 amino acid residues” generally isolated 
from salmon sperm. Krayenbiihl and Rosenberg?” optimized the 
insulin-protamine formulation by devising the isophane method for 
producing a microcrystalline suspension buffered at a neutral pH 
known as NPH (Neutral Protamine Hagedorn). The term isophane 
tefers to the proper stoichiometric proportions of insulin and prota- 
mine (approximately 12:1 on a weight basis) that are used in the 
process, such that formation of the crystalline complex results in 
essentially no free amounts of either species in solution. Phenolics, 
such as m-cresol and phenol, and Zn’* ions are also required to 
produce the elongated, tetragonal crystals comprising the suspen- 
sion. The phenolics also serve a dual role as antimicrobial agents. 
NPH insulin has an intermediate time action and presently remains 
the most widely used insulin preparation. 

After the introduction of NPH, another method for producing 
extended-acting insulin without the use of protamine was discov- 
ered by Hallas-Møller, Petersen, and Schlichtkrull, who deter- 
mined that the addition of excess zinc ions to formulations having 
neutral pH and no phosphate buffer produced suspensions display- 
ing protracted effects. The prolonged effect is a result of the molar 
excess of Zn?” ions that substantially reduces insulin solubility at 
neutral pH conditions. This finding led to the development of Lente 
insulins, a series of three suspension preparations having a grada- 
tion of extended activity. Semilente, a suspension composed en- 
tirely of amorphous particles formed by adjustment of an acidic in- 
sulin solution containing excess zinc ions to neutral pH, displays 
only a moderately retarded effect. Controlled crystallization of in- 
sulin at pH 5.5 in the presence of excess zinc ions, high NaCl con- 
centration, and insulin seed crystals results in the formation of 
rhombohedral insulin crystals of uniform particle size distribution. 
The entirely crystalline Ultralente suspension is then prepared by 
diluting these crystals with an aqueous vehicle containing methyl- 
paraben and a controlled Zn?* ion concentration followed by ad- 
justment to neutral pH. Ultralente insulin was the longest-acting 
insulin suspension formulation currently available commercially 
until the recent development of glargine. Lente insulin is a 3:7 
mixture of amorphous and crystalline insulin particles having an 
intermediate time-action profile. The crystalline component is the 
Ultralente crystal form while the amorphous part is analogous to 
Semilente. 

Because of the small size and poor crystal quality of Ultralente 
particles, structural characterization by x-ray crystallography has 
not been possible. Recent powder diffraction studies on Ultralente 
crystals have identified the Tę hexamer conformation.” In contrast 
to these findings, previous x-ray crystallography results on 4-Zn 
insulin crystals presumed to be representative of the Ultralente sus- 
pension identified the T;R, hexamer conformation.” As a possible 
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explanation for the extended activity of Ultralente preparations, 
these authors proposed that conversion of the R-state trimer to the 
T conformation was required to allow solvent access to the metal 
site prior to dissociation of the hexamers. However, the recent pow- 
der diffraction results indicate T, hexamers are more consistent 
with the actual concentration of sodium chloride used in the Ultra- 
lente preparation. Therefore, the time action is unlikely to be influ- 
enced by a mechanism involving the RT conversion. Ultralente 
crystals contain T;R3; hexamers when they are initially grown 
under high sodium chloride conditions, but the conformation con- 
verts to the Tg form when the salt concentration is diluted for the 
commercial product.” 

One of the more recent advances in insulin formulation in- 
volves the development of stable mixtures containing rapid- and in- 
termediate-acting insulins. These preparations combine insulin so- 
lutions with NPH suspension in various mixture ratios including 
10:90, 20:80, 30:70, 40:60, and 50:50 (the 30:70 and 50:50 
preparations are available in the U.S.). The basis for such premixed 
insulins is the convenience of having both meal-related and basal 
insulin requirements available in a single injection. In addition, the 
preparations offer better accuracy over extemporaneous mixtures 
made by the patient. Indeed, one of the most common subcuta- 
neous injection regimens involves twice-daily injections of rapid- 
and long-acting insulins, making these preparations very popular. 
A certain portion of the soluble component in these mixtures is 
known to adsorb to the surface of the NPH crystals.?”*' However, 
this predominantly electrostatic interaction is reversible and does 
not alter the time action of the soluble component.*! In contrast to 
the regular/NPH mixtures, combinations of rapid-acting insulin 
with Ultralente do not have sufficient long-term stability to allow a 
premixed preparation. The excess zinc present in Ultralente will 
precipitate the rapid-acting insulin, retarding its onset of action.” 
However, the combination of rapid-acting insulin and Ultralente 
can be utilized immediately after mixing. 


Insulin Purity 

Improvements in the overall purity of insulin preparations 
were first achieved by application of crystallization procedures, 
most notably those conducted in the presence of Zn** ions in 
addition to recrystallization methods. For many years, multiply- 
recrystallized insulin was thought to be very pure because prepara- 
tions manufactured in this manner were found to be better tolerated 
by patients prone to allergic reactions.” As advances in analytical 
methodology progressed and techniques such as polyacrylamide 
gel electrophoresis and size exclusion chromatography were ap- 
plied to examine insulin,®*™ recrystallized insulin was found to 
contain numerous proinsulin- and insulin-like substances in addi- 
tion to several noninsulin peptides (e.g., glucagon and pancreatic 
polypeptide).”* This observation led to the incorporation of 
chromatographic separation technologies into the purification 
processes to produce so called single- or mono-component in- 
sulin. Insulin preparations manufactured with chromatograph- 
ically-purified insulin helped to reduce the frequency of immuno- 
logic complications associated with the therapy, such as allergy, 
lipoatrophy, and resistance. The subsequent introduction of recom- 
binant human insulin, which is considered to be less immunogenic 
than either the porcine or bovine forms, further improved the im- 
munologic consequences of diabetes treatment, since insulin anti- 
bodies may influence insulin pharmacokinetics.’ The immuno- 
genic and allergenic aspects associated with insulin therapy have 
been reviewed elsewhere.™ 


INSULIN CHEMISTRY AND PHARMACOKINETICS 


Insulin Sources 

Prior to the early 1980s, all commercially available insul 
parations were formulated with either bovine or porcine insi 
a mixture of the two. The complete chemical synthesis of i 
was demonstrated in the 1960s,"' but the inefficiency anı 
yields of such a process make it impractical for commercial : 
facture of human insulin. A human insulin for use in comm 
pharmaceutical preparations was later developed using a sen 
thetic process whereby the alanine at position B30 of porci 
sulin was exchanged for threonine using a combination of 
matic and chemical processes.” 

Advances in recombinant DNA technology, demonstratir 
ability to express synthetic genes for the A and B chains of h 
insulin eventually provided a method for producing human ir 
biosynthetically.'* The first biosynthetically manufactured h: 
insulin to receive regulatory approval was prepared by expre 
the chemically synthesized genes for the two chains of insu: 
Escherichia coli.” This biosynthetic process later was moc 
to include the initial production of proinsulin that was si 
quently converted to human insulin by enzymatic and cher 
methods.’*”’ An alternative biosynthetic manufacturing prc 
currently used for commercial human insulin production inve 
the expression in Saccharomyces cerevisiae of a single-chaii 
sulin precursor containing a short amino acid sequence linkin; 
A and B chains.” Additional enzymatic and chemical proces 
complete the conversion to human insulin. 

There is some evidence from clinical studies that humar 
sulin preparations are absorbed more rapidly than porcine ins 
preparations, although the basis for this difference is not cle 
understood. X-ray crystallography studies comparing human 
porcine insulin have identified significant shifts in the main cl 
atoms of B30 at the carboxyl groups and some additional char. 
in the solvent structure in the region of B28-B30.” This differe 
may account for the greater hydrophilicity of human insulin cı 
tals, suggesting that slightly increased solubility is a possible 
planation for the faster absorption of the microcrystalline susp 
sion preparations. Brange and associates™? have proposed that 
small differences in absorption of regular human insulin relative 
soluble porcine insulin preparations can be explained by a grez 
tendency towards dissociation observed in their studies. Based 
the x-ray crystallography results, Chawdhury and coworkers” si 
gest that the threonine residue at position B30 in human insulin ¿ 
the associated structural alterations it causes affect the strength 
which dimers are held together within the hexamer. However, 
clinical significance of the differences in absorption betw« 
human and porcine insulin is debatable." As discussed below 
faster absorption rate for soluble preparations is not necessaril 
disadvantage for meal-related insulin requirements, although re; 
lar human insulin is not nearly rapid enough to mimic the phys 
logical secretion profile (e.g., see Fig. 28-4). On the other hand, 
rapid absorption is generally considered undesirable in terms 
basal insulin needs.” 


Pharmacology of Insulin Preparations 


The pharmacologic profiles of the various insulin preparations 
Ministered subcutaneously have been reported by numerous inv 
tigators. "8-9 These studies provide a means for evaluating h 
well the various insulin preparations simulate physiologic sec 
tion patterns and glucodynamics of insulin. Heinemann < 
Richter”? have emphasized that many investigations on inst 
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Humulin® R, Intravenous injection 


Humulin® R, Subcutaneous Injection 


Glucose Consumption (mg/min) 


Hours 
FIGURE 28-4. A comparison of the glucodynamic response of 10 normal 
volunteers to subcutaneous or intravenous administration of Humulin® R 
(0.2 U/kg). Glucose consumption was assessed using the glucose clamp 
technique. Note that the peak effect following subcutaneous administration 
occurs between 3 and 4 hours and continues for at least 8 hours. (Reprinted 
with permission from Galloway et al.”) 


absorption (pharmacokinetics) and/or insulin action (pharmacody- 
namics) have involved inappropriate methods and different doses 
and sites of administration, making it difficult to compare results. 
Therefore our intent is to provide a general description of the 
pharmacologic profiles of each insulin preparation rather than a 
comprehensive examination of all the data on this topic. Of the 
various methods used to study the pharmacologic properties of in- 
sulin preparations, the euglycemic glucose clamp is considered 
the most ideal for determining pharmacodynamics and pharmaco- 
kinetics.*? The euglycemic glucose clamp procedure involves in- 
travenous glucose infusion to maintain blood glucose concentra- 
tions at normal values following administration of insulin. The 
glucose requirement, therefore, is proportional to the activity of 
insulin. 


Pharmacokinetics and Pharmacodynamics 


Prandial (Meal-Related) Insulin 

An example of the time course of plasma glucose response in 
normal subjects following subcutaneous administration of a com- 
mercially available solution preparation of regular human insulin 
(Humulin® R) is illustrated in Fig. 28-4. There is an obvious differ- 
ence between this profile and the profile for intravenous adminis- 
tration, which better simulates physiologic insulin secretion. First, 
the rate of glucose consumption is slow, indicating that the plasma 
insulin concentration does not peak rapidly. Second, there is no real 
peak in the profile, and the maximal response does not occur until 
almost 3 hours after injection. Finally, glucose infusion is still re- 
quired to maintain euglycemia even 8 hours after administration, 
indicating that plasma insulin concentrations are not rapidly re- 
duced. This glucodynamic profile indicates a situation of relative 
hypoinsulinemia during the early phase (0.5-3 hours) following in- 
jection and relative hyperinsulinemia at later stages (3-8 hours). As 
a consequence of these abnormal conditions, the early-stage post- 
prandial insulin deficiency causes delayed suppression of endoge- 
nous glucose production by the liver and a below-normal increase 
in the rate of glucose uptake by peripheral tissues, resulting in hy- 
perglycemia soon after meal ingestion. Additionally, the elevated 
plasma insulin concentration that extends beyond 3 hours after the 


meal may lead to conditions of hypoglycemia. Therefore, the phar- 
macologic properties of regular soluble insulin are more consistent 
with an intermediate-acting preparation.©'*3 In contrast to the 
profile obtained following subcutaneous injection of regular insulin, 
intravenous administration better simulates a meal-stimulated se- 
cretion pattern.°”? As mentioned below, two new soluble insulin 
analogs have been developed (insulin lispro and insulin aspart) that 
are quicker-acting with a shorter duration of action than regular 
human insulins. 


Basal Insulins 

Another requirement for achieving glycemic control is effec- 
tive suppression of hepatic glucose production. Normalization of 
hepatic glucose production can be achieved by simulating the 
postabsorptive, low levels (5-12 U/mL) of insulin secretion that 
occur in healthy nondiabetic individuals. There presently are two 
approaches in use for satisfying basal insulin requirements, either 
continuous subcutaneous insulin infusion (CSH) or subcutaneous 
injection of NPH, Lente, Ultralente, or preferably insulin glargine 
preparations. For the purposes of this discussion, only the pharma- 
cologic properties of the subcutaneous microcrystalline suspen- 
sions are considered. The topic of CSII has been addressed in other 
reviews (see Chap. 29)."4 

A euglycemic clamp study in normal persons compared the 
time-action profiles of four widely used NPH insulin prepara- 
tions.” This study showed that the onset of action (defined as half- 
maximal action) of all the NPH preparations was within 2.5-3 
hours (Fig. 28-5). Peak activity was attained after 5-7 hours, and 
the duration of action (defined as >25% of maximal action) was 
between 13 and 16 hours. Certain clinical studies have shown dif- 
ferences in the time-action profiles of NPH insulins prepared with 
human or porcine insulin.®? In these cases, human insulin NPH dis- 
plays a more rapid onset and shorter duration of activity. In another 
euglycemic clamp study in normal subjects, human insulin NPH 
was found to be absorbed faster than a Lente preparation of human 
insulin over the course of 8 hours.® The peak effect and relatively 
short duration of activity associated with these intermediate-acting 
preparations make them ineffective as true basal insulins. Although 
the premixed NPH/regular insulin preparations are very popular in 
diabetes treatment, the limitations of their individual pharmaco- 
logic properties still exist. 

The Ultralente insulin preparation is commonly used as a basal 
insulin. A euglycemic clamp study evaluating Ultralente prepara- 
tions manufactured with insulin from either human, porcine, or 
bovine species have defined the time-action profile and uncovered 
some interesting differences.’ Examples of the time-action pro- 
files over the time course of 40 hours following administration of a 
0.4 U/kg dose of each preparation are shown in Fig. 28-6. While all 
of the preparations displayed a duration of activity in excess of 
30 hours, human Ultralente displayed plasma insulin levels in ex- 
cess of 60 U/mL within 5 hours after injection that persisted for 
at least 30 hours. The time-action profile of human insulin Ultra- 
lente, therefore, is not consistent with a truly basal insulin. In con- 
trast, bovine Ultralente displayed a flat, essentially peakless profile 
with serum insulin concentrations below 60 U/mL, although it 
was noted that a consistent peak was not evident in this case due to 
the wide variability between subjects. Based on the results of this 
study, it can be concluded that bovine Ultralente provides a more 
suitable basal insulin time-action profile. However, the undesirable 
immunogenicity of bovine insulin™ limits its usefulness in this 
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FIGURE 28-5. Glucose infusion rates (bars), [ree plasma insulin, and C peptide concentrations after subcuta- 
neous injection of 12 U of four different NPH insulin preparations (biosynthetic origin: Humulin N [A], Eli Lilly: 
semisynthetic origin: Insulatard® H [B] and Protaphane® HM [C]. Novo/Nordisk: Basal-H® Insulin [D]. Hoechst 
AG: all U40) at time 0 during 19-hour euglycemic glucose clamps in six normal subjects. Solid bars show basal 
glucose infusion rate. (Reproduced with permission from Starke et al’) 


regard. Despite the differences in time-action between the various 
Ultralente insulins, the authors of this study ultimately concluded 
that any one of the preparations is suitable to provide basal insu- 
linemia in clinical practice. Conflicting pharmacologic results from 
a variety of other studies provide no definitive answer to the ques- 
tion of whether the time-action profile of human insulin Ultralente 
is More consistent with an intermediate-acting rather than a long- 
acting preparation.®” Nevertheless, a twice-daily human insulin Ul- 
tralente injection regimen has been shown to result in lower fasting 
blood glucose concentrations.” ®® 

The differences in the time-action profiles of bovine and 
human Ultralente may be related to solubility?’ or immunogenic 
potential.™ In the latter case. insulin released from the crystals may 
bind to elevated levels of circulating antibodies. further delaying 
the absorption process. Recent atomic force microscopy studies 
have provided evidence suggesting that differences in time action 
between bovine Ultralente compared to either human or porcine 
Ultralente may be related to packing and orientation of insulin 
hexamers at the crystal-solution interface.” In bovine Ultralente 
crystals, the hexamers on the predominant faces [(010) and (110))] 
are oriented “edge-on” to the aqueous medium, limiting solvent 
penetration into the crystals and consequently further retarding dis- 
solution. Conversely. the predominant exposed crystal surface of 
human and porcine Ultralente crystals is the (001) crystal plane. 


Hexamer orientation on this face allows for easier penetratio 
of solvent through the crystal surface, contributing to more rapit 
dissolution. 

The development of an insulin formulation with the duration o 
action of bovine Ultralente insulin but without immunogenicity ha: 
been a goal of insulin researchers for many years. As describec 
below, a new peakless soluble insulin (insulin glargine) with a long 
duration of action has recently been introduced that appears to ful- 
fill the desired characteristics of such a basal insulin. 


Injection Timing and Clinical Implications 

Since it takes between 60 and 90 minutes for subcutaneously 
injected regular soluble insulin (e.g.. Humulin R) to reach peak 
plasma levels, timing of the injection is critical. Prandial insulin 
should be administered at least 30 minutes before the meal, to ac- 
count for the time lag before maximal activity. A number of clinical 
studies have demonstrated the importance of injection timing for 
regular insulins.”"*” The results of one study are presented in Fig. 
28-7, which shows that the longer the interval between injection 
and meal ingestion, the better the simulation of nondiabetic pran- 
dial insulin secretion. There are also clinical implications for the 
long-acting insulin preparations. In clinical practice, injection tim- 
ing with NPH and Lente insulin preparations is critical to ensuring 
that metabolic control is effectively maintained through the night." 


490 DIABETES MELLITUS 


120 Placebo 
100 

80 

60 

40 

20 


10 20 30 40 
120 Novo Bovine 
= 100 
E 80 
g 60 
X 40 
© 20 
G 
3 10 20 30 40 
= 
E 120 Lilly Porcine 
o 100 
6 80 
x 60 
Ê 40 
20 
10 20 30 40 
120 Lilly Human 
100 
80 
60 
40 
20 


10 20 30 40 
Time (hours) 


180 Placebo 


Novo Bovine 


180 Lilly Porcine 


Plasma Insulin Concentration (pmol/L) 
SS8sé8 


10 20 30 40 


180 Lilly Human 


10 20 30 40 
Time (hours) 


FIGURE 28-6. The plasma insulin and glucodynamic response of 6 or 9 normal volunteers following the subcu- 
taneous administration of placebo and Ultralente bovine. porcine, and human insulin, 0.4 U/kg. (Reproduced with 


permission from Seigler et al.°°) 


Thus an evening dose of human insulin NPH is generally injected 
closer to bedtime. The duration of action of human insulin Ultra- 
lente is also not considered substantially longer than NPH, necessi- 
tating twice-daily injections of the preparation to achieve basal in- 
sulin requirements.*” 


Factors Affecting the Absorption of Insulin 

The factors influencing absorption of insulin from the subcuta- 
neous site have been clinically examined. and the topic has been 
the subject of many reviews.°"*?*!.'"! These investigations have 
shown that the region of injection, blood flow, and technique of in- 
jection can all influence the absorption process. For example, ab- 
sorption is faster from the abdominal as opposed to the deltoid. 
femoral, and gluteal regions. Absorption is also faster with deeper 


injections, or if insulin is injected more slowly. As temperature will 
affect blood flow, increases due to exercise. fever, and massage will 
also cause faster absorption. Other miscellaneous factors resulting 
in faster absorption include a lower injection volume or concentra- 
tion of insulin. The use of NPH instead of Lente insulin in a 
bolus/basal mixture will also impact absorption because the excess 
zinc in the Lente preparation will precipitate soluble insulin, caus- 
ing a blunting of its effect,” 

While some of the factors influencing absorption descnbed 
above can also impact insulin suspension preparations,'®~'® it is 
reasonable to suggest that their protracted effects are a result of 
slow crystal dissolution at the injection site. In these cases, absorp- 
tion of insulin into the bloodstream presumably can only occur 
once the hormone is freed from the crystals. This presumption is 


Chapter 28 
Insulin Infusion (~12 U/30 min) 
w—ae at0 min N = 8 Type 1 diabetics 
oe at-30min mean t SEM 
oo at-60 min 
EC Nondiabetics (N = 8) 
230 MEAL mean +2 SD 


Plasma Glucose 
mg/dL 
—_> 
a 
© 


110 
70 
£ 90 
3 
£ 
== 60 
ge 
ul 
A 
0 
È 30 
a 
S 0 


-90 +5 0 60 120 180 240 300 


Time (minutes) 


FIGURE 28-7. Pre- and postprandial plasma glucose and insulin levels in 
8 insulin-dependent diabetic subjects given 30-minute subcutaneous infu- 
sions of insulin beginning 60 minutes (open circles). 30 minutes (solid cir- 
cles), and immediately before (solid squares) ingestion of a standard meal. 
The shaded area represents one standard deviation above and below the 
mean of observations in 8 normal individuals. (Reproduced with permission 
from Dimitriadis et al.™) 


substantiated by recent studies, in which monomeric analogs were 
formulated as either NPH or Ultralente suspensions without signif- 
icantly altering the pharmacologic properties relative to correspon- 
ding human insulin preparations.” What remains even more 
elusive is a detailed understanding of the molecular events follow- 
ing subcutaneous injection of regular insulin. In particular, what in- 
trinsic properties of the hormone, if any, influence the absorption 
process? Greater insight into the subcutaneous absorption mecha- 
nism has recently been obtained by considering the potential rela- 
tionship of insulin self-association to pharmacokinetics and phar- 
macodynamics**!”-'8 as discussed in the following section. 


A Model for Insulin Absorption: 

Implications of Self-Association 

At the B-cell level, the propensity of insulin to self-associate 
into hexamers is crucial for the hormone’s processing and stor- 
age.*° This property of insulin has been exploited in pharmaceuti- 
cal formulation to produce stable, solution preparations and micro- 
crystalline suspensions used for diabetes treatment. Regular insulin 
preparations contain zinc ions in sufficient concentrations to pro- 
mote self-association into hexamers, increasing chemical stabil- 
ity, Phenolic compounds, additionally added as antimicrobial 
agents, have also been shown to have a profound stabilizing effect 
on deamidation as well as on intermolecular crosslinking reac- 
tions.'® In addition to stabilizing insulin against undesirable chem- 
ical degradation, promotion of the hexamer conformation is also 
beneficial by preventing physical denaturation. Insulin fibrillation, 
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or nonnative aggregation, is thought to occur by interactions be 
tween partially denatured monomers.’'” The addition of exces: 
zinc ions has also been shown to physically stabilize neutral solu 
tions of insulin without affecting the rate of absorption following 
subcutaneous injection.''' Thus solution preparations of insulin arı 
formulated to promote hexamer formation, thereby providing the 
most stable form of the hormone. The implications of this associ 
ated state on insulin pharmacology were not fully appreciated unti 
recently. 

A scheme describing the putative events in the subcutis follow: 
ing the subcutaneous injection of a soluble insulin preparation i: 
shown in Fig. 28-8A.’*”'!? As previously described, the predomi: 
nant associated state of insulin in the formulation is the hexame: 
with zinc ions and phenolic molecules bound. Diffusion in the in- 
terstitial space causes dilution of the insulin concentration, result- 
ing in the progressive dissociation of the hexamer into smalle: 
units.''? Hexamer dissociation is facilitated by diffusion of the lig. 
anded phenolic molecules and zinc ions. The phenolic molecules 
likely diffuse initially in the process to the surrounding tissues, re- 
sulting in the conversion of Rg hexamers to the T, type. Whether o1 
not the RT conversion plays any significant role in further delay- 
ing the dissociation process is not clearly understood. A 50- to 100- 
fold dilution is required to produce mainly dimers of insulin. 
whereas the concentration must be reduced at least 1000-fold tc 
achieve a predominant population of monomers. One main feature 
of this model is that insulin can only be absorbed effectively in its 
monomeric or dimeric form. It is not known if the insulin hexamer 
can cross the capillary membrane or whether its size restricts pas- 
sage relative to the monomer or dimer forms. 


NEW HUMAN INSULIN ANALOGS WITH 
IMPROVED PHARMACOKINETIC AND 
PHARMACODYNAMIC PROPERTIES 


The need for new insulins with improved pharmacokinetic and 
pharmacodynamic profiles has been well documented.*!*74-#0''4 
In particular, regular soluble insulins act too slowly and last too 
long, whereas the basal depot insulins do not act long enough and 
are associated with peak effects rather than providing flat, peak- 
less profiles. With the advent of recombinant DNA technology 
(human insulin was the first pharmaceutical product derived from 
recombinant DNA technology in the early 1980s”) came the abil- 
ity to prepare virtually any insulin analog desired. Not only did 
this new technology provide an important medical product, it gave 
insulin researchers the wherewithal to design, prepare, and test 
human insulin analogs for desirable pharmacokinetic and pharma- 
codynamic properties. Guided by the sophisticated x-ray structural 
data for insulin crystals and the many physicochemical studies on 
insulin discussed in the preceding sections, insulin researchers 
have designed insulin molecules with definite targets. The initial 
target was the design of insulins capable of giving more rapid 
serum insulin concentrations with a shorter duration of action 
compared to the regular soluble insulins.*° This type of rapid- 
acting insulin should have the capability of decreasing the magni- 
tude of mealtime glucose excursions while reducing the potential 
for late hypoglycemia, coupled with improved convenience for the 
patient with diabetes.''° 

As previously discussed, there is a delay in absorption of in- 
sulin upon subcutaneous injection of regular preparations. The ab- 
sorption of insulin is influenced by a number of factors, many of 
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FIGURE 28-8. Schematic representation of the putative events following subcutaneous injection of regular 
human insulin (A) and a formulated monomeric analog [e.g., Humalog, Lys®**Pro®*?] (B). The initial event in- 
volves diffusion of phenolic preservative into the surrounding tissue and dissociation of phenolic molecules from 
the hexamer complexes. Human insulin zinc complexes are relatively stable and require diffusion and dilution for 
dissociation into smaller absorbable units. A 50- to 100-fold dilution is needed for dissociation to mainly dimers, 
whereas a further 1000-fold dilution is required to produce predominantly monomeric insulin that can be ab- 
sorbed. In contrast, both zinc ions and phenolic molecules are required to stabilize the hexameric complex of 
Lys®**pro*”°, Because of the greatly reduced dimerization constant of the analog. hexamer dissociation occurs at 
much lower dilutions. Thus free Lys®**Pro®”? monomers are produced faster than human insulin, resulting in 
more rapid absorption. The diagrams are based on models proposed in Ciszak and colleagues. Bakaysa and as- 
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which also affect the self-association state by facilitating dissocia- 
tion. For example, dilute insulin concentrations and increased 
blood flow would be expected to promote faster dissociation of the 
hexamer. Based on the premise that small molecules diffuse faster 
and would be unrestricted in passing through the capillary mem- 
brane, the absorption process could be accelerated by reducing the 
self-association state of insulin. This hypothesis forms the basis 
for designing insulin analogs with reduced propensity towards 
self-association that would display a more rapid onset of action and 
shorter duration of action after subcutaneous injection. Two such 
human insulin analogs were introduced in recent years as very 
rapid-acting mealtime insulins, namely Lys®?*Pro®*°-human in- 
sulin (insulin lispro; Humalog®) and Asp®?*_human insulin (in- 
sulin aspart; NovoRapid®). Although both of these new insulins 
exist as stable zinc hexamers in their respective formulations, the 


and Brange and coworkers.” (Figure adapted with permission from Brange et al.’) 


rapid action derives from their quicker dissociation from the hexa- 
meric state compared to regular human insulin after subcutaneous 
injection (see Fig. 28-8). 

Another goal was the design of insulins that would produce a 
more physiologic basal insulin profile, preferably soluble, long- 
acting insulins capable of duplicating the nearly peakless profile 
of bovine Ultralente insulin shown in Fig. 28-6.” The recently- 
introduced Gly*?!Arg®*! Arg®*?-human insulin (insulin glargine; 
Lantus®) fits into this category. In this molecule, the two additional 
positive charges at the C terminus of the B chain increase the iso- 
electric point from ~5.4 to ~6.7; this allows a soluble formulation 
at a slightly acidic pH, a formulation that becomes less soluble 
when injected into the subcutaneous tissue at physiologic pH.'* 
These three new insulins are discussed in more detail in the follow- 
ing sections and are illustrated structurally in Fig. 28-9. See also 
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FIGURE 28-9. Primary structure of human insulin in white circles (21-residue A chain connected to 30-residue B 
chain via disulfide bonds) showing positions of modification for the three human insulin analogs. Modification of 
human insulin to give the basal human insulin analog Gly**! Arg®*! Arg®??-human insulin (insulin glargipe or 
Lantus) is illustrated by black circles, whereby glycine replaces A21 asparagine and two arginine residues are at- 
tached to the C terminus of the B chain. Aspartic acid replaces proline at position B28 (stippled circle) to give the 
rapid-acting human insulin analog Asp"”*-human insulin (insulin aspart or NovoRapid). The modification that 
creates the rapid-acting human insulin analog Lys??*Pro®*?-human insulin (insulin lispro or Humalog) is shown 
by the gray circles, indicating the changes whereby the native sequence Pro®*Lys®°? is transposed to 


2 
Lys®?*Pro®”?, 


recent reviews on the clinical aspects of new insulin analogs and 
their potential in the management of diabetes mellitus.'*''* 


Lys®28pro®2°_Human Insulin 
(Insulin Lispro [Humalog]) 


As shown in Figs. 28-1 and 28-9, the native amino acid sequence of 
human insulin at positions 28 and 29 in the B chain is Pro-Lys. Re- 
searchers found that inverting this sequence to Lys-Pro resulted in 
an insulin analog with a weakened tendency to self-associate into 
dimers,'**"''® a characteristic that explains its more rapid onset of 
action and shorter duration in comparison to regular human in- 
sulin.!'5:''7-!?! The physicochemical basis for this rapid activity 
has been reviewed recently by DeFelippis and colleagues.”* The 
Lys®*pro#?? inversion analog has been crystallized in the presence 
of both zinc ions and phenol at pH 5.9, and its three-dimensional 
structure as determined by x-ray crystallography to 2.3 A resolu- 
tion revealed the T,R3’ hexamer conformation.*© The structure is 
isomorphous with the uncomplexed native human insulin structure; 
however, localized structural differences in the C-terminal region 
of the B chain caused by the sequence inversion result in the elimi- 
nation of two critical hydrophobic interactions involving Pro®”* 
and weakening (lengthening) of two B-pleated sheet hydrogen 
bonds that stabilize the dimer. 

The x-ray crystallographic results demonstrate that despite 
modifications to the insulin sequence intended to disrupt self-asso- 
ciation, hexamer formation can occur as observed in the solid state. 
The finding that excipients prone to induce hexamer formation in 
native insulin also do so for monomeric analogs has important im- 
plications for pharmaceutical formulation since the entire design 
premise is based on eliminating self-association. However, for 
monomeric analogs to be viable as commercial solution prepara- 
tions, excipients such as antimicrobial agents are required in the 


formulation, and zinc ions might also be included to achieve stabi 
ity.'"'° On the other hand, if the addition of such excipien! 
causes comparable self-association of the analog in solution, th 
potential for delayed dissociation could negatively impact its rapi 
time action. This situation creates a predicament for the effectiv 
formulation of a stable, solution preparation of a monomeric ir 
sulin analog, while simultaneously maintaining its desirable phat 
macologic attributes. Nevertheless, these practical formulation is 
sues were considered during formulation development of th 
commercially available monomeric insulin analog Lys®”*Pro®”’. 
human insulin (insulin lispro, Humalog) preparation, which con 
tains both zinc ions and m-cresol as excipients. Despite this fact 
Lys®8Pro®”? maintains its rapid time action properties as shown b: 
the data presented in Fig. 28-10. 

The x-ray crystallographic studies on crystals of Lys??*Pro®? 
grown in the presence of zinc ions and phenol revealed a hexame 
conformation.** Although the commercial preparation of Lys®” 
Pro??? (Humalog) is a solution formulation, the structural data ob 
tained in the solid state was used to propose a possible explanatio! 
for unaltered time action observed in vivo. The authors suggest tha 
the localized structural perturbations of the analog hexamer com 
plex relative to human insulin (see earlier discussion) coupled wit 
the requirement for zinc ions and phenol for stabilization of th 
hexamer explains why formulated Lys®**Pro®” readily dissociate 
in subcutaneous tissue. Ciszak and associates** hypothesize tha 
initial diffusion of bound phenolic preservative into surroundin; 
tissue destabilizes the analog hexamer, resulting in dissociatio) 
into monomer subunits at millimolar concentrations. This hypothe 
sis is supported by a study of the solution-state properties o 
Lys®**Pro®° in the presence and absence of zinc ions and phenoli: 
compounds monitored by static light scattering.''? These stati 
light scattering results, monitoring the in vitro dissociation o 
the Lys®**Pro®”? complex upon dilution in buffer, showed that th 
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FIGURE 28-10. Blood glucose excursions (A) of ten TIDM patients after 
consumption of a meal rich in rapidly-absorbable carbohydrates [pizza, 
sugar-sweetened cola, and tiramisu (total caloric content was 1016 kcal)]. 
After a subcutaneous injection of 15.4 + 3.5 U at time zero, the meal was 
eaten within 20 minutes. On one of two study days, insulin lispro (open cir- 
cles) was injected; on the other day regular human insulin (solid circles) was 
injected. Blood glucose was kept constant at 6.7 mmol/L” in the 3 hours 
prior to the meal by means of a glucose clamp. Free plasma insulin concen- 
trations (B) of ten T1DM patients induced by an intravenous insulin infusion 
of 0.2 mU*kg~'min”' (maintained throughout the study) and subcutaneous 
injection immediately prior to the meal at time zero. Injections of insulin 
lispro (open circles) or regular human insulin (solid circles) were adminis- 
tered as in A. (Reproduced with permission from Heinemann et al.” 


“) 


analog becomes less associated as protein concentration is reduced, 
whereas human insulin formulated under similar conditions was 
essentially hexameric regardless of the dilution. Thus these results 
illustrate the weaker hexamer association of the analog. See Fig. 
28-8 for a schematic representation of the putative events following 
subcutaneous injection of regular human insulin compared to a for- 
mulated monomeric insulin analog such as Humalog. 

The pharmacokinetics and glucodynamics of insulin lispro 
have been studied extensively as reviewed recently by Heinemann 
and Woodworth.'*! The studies showed that subcutaneous adminis- 
tration of clinically relevant doses of insulin lispro gave a more 
rapid absorption and elimination profile than regular human in- 
sulin. After intravenous administration, insulin lispro and regular 
human insulin gave nearly identical clearance and volumes of dis- 
tribution, and produced identical metabolic responses, indicating a 
1:1 potency ratio.'*’ Differences in absorption between insulin 
lispro and regular human insulin, but equivalence in distribution 


and clearance, were observed in healthy volunteers and in patients 
with type I or type 2 diabetes.'?’ The authors concluded that the 
more rapid absorption of insulin lispro allows a better mealtime 
insulin substitution than regular human insulin.'?! This conclusion 
was validated by a randomized, double-blind, glucose clamp- 
controlled study, the results of which are shown in Fig. 28-10. In 
this study, 10 patients with well-controlled T} DM received subcu- 
taneous injections of either insulin lispro or regular human insulin 
(15.4 + 3.5 U; the exact dose selected by the patients based on 
their own experience), followed immediately by ingestion of a 
meal rich in rapidly-absorbable carbohydrates. '?? Maximum blood 
glucose excursions were significantly lower and returned to base- 
line earlier with insulin lispro than with regular human insulin. The 
free plasma levels of the analog increased more rapidly and de- 
creased faster than human insulin. 

Many of the clinical studies on insulin lispro have been sum- 
marized by Anderson and Koivisto! and by Bolli and col- 
leagues.’ Insulin lispro’s rapid absorption rate and short duration 
of action provide several advantages for patients on insulin lispro 
therapy as compared to regular human insulin. Insulin lispro was 
developed particularly for mealtime therapy through injection im- 
mediately before the meal and when appropriately used in this 
manner consistently reduces the postprandial rise in blood glucose 
as compared to regular human insulin in patients with type | or 
type 2 diabetes.” "° 

If insulin lispro is administered shortly after a meal, the post- 
prandial rise in blood glucose is no greater than if regular insulin is 
injected immediately or shortly before a meal as shown by Schern- 
thaner and associates.!”* These clinical investigators studied 18 pa- 
tients with type 1 diabetes who injected regular human insulin at 
40, 20, or O minutes before the start of a standardized meal or in- 
sulin lispro at 20 or 0 minutes before or 15 minutes after the start of 
the meal. In this study, the optimal time for bolus injection was im- 
mediately before the meal for insulin lispro and 20 minutes before 
the meal for regular human insulin, based on blood glucose excur- 
sions. Insulin lispro injected 15 minutes after the start of the meal 
was comparable to regular human insulin injected from 40 to 
0 minutes before the meal. In their review, Anderson and Koivisto 
reported that a meta-analysis of over 12,000 patients with T1IDM 
demonstrated a 30% reduction in severe hypoglycemia during in- 
sulin lispro therapy.''* Additionally, insulin lispro appears to be no 
more immunogenic than regular human insulin as determined in 
four l-year international trials including 317 patients with T1DM 
and 291! patients with T2DM previously treated with regular 
human insulin.'?* Coupled with a basal insulin therapy adjusted to 
cover premeal and nocturnal periods, insulin lispro may provide a 
more physiologic insulin therapy, as emphasized by Bolli and col- 
leagues.'* Also, insulin lispro administered by a continuous subcu- 
taneous insulin infusion (CSII) regimen is a viable alternative to a 
multiple daily insulin injection regimen for patients on intensive 
insulin therapy.'”° 

The introduction of Lys®**Pro®? to the commercial market has 
created interest in exploring other formulations of this analog. 
Cocrystallization of the analog with protamine produced a suspen- 
sion called neutral protamine lispro (NPL) with similar physico- 
chemical properties to NPH insulin." The motivation for making 
this suspension was to allow the preparation of stable mixtures 
with soluble Lys®**Pro®”’. Such preparations could be useful for 
basal/bolus therapy in type | patients. Pharmacologic evaluation of 
NPL in dogs has shown that the preparation has an intermediate 
time action.'® A clinical trial conducted in type 1 diabetic subjects 
determined that NPL was equally effective as human insulin NPH 
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in controlling overnight glycemia." In a euglycemic glucose 
clamp study conducted in normal subjects, three mixtures of solu- 
ble Lys®**Pro®? combined with NPL in ratios of 75:25, 50:50, 
and 25:75 were evaluated.'?’ The results of this study confirmed 
that the pharmacokinetic and pharmacodynamic properties of 
Lys?°*Pro®? were maintained in the mixtures. Data from other 
clinical trials conducted in type 2 patients have reported that the 
25:75 analog mixture provides improved postprandial glycemic 
control relative to a human insulin mixture containing 30% regular 
insulin and 70% NPH insulin." 


Asp®?*-Human Insulin 
(Insulin Aspart [NovoRapid]) 


Asp?*8-human insulin (herein referred to as Asp?” and insulin as- 
part) was first described in 1988 by Brange and colleagues.'°’ As 
with Lys"**Pro®”® insulin, Asp??? was designed as a rapid-acting 
mealtime insulin with a lesser propensity to self-associate com- 
pared to regular insulin. Asp®”* refers to an analog prepared by sub- 
stituting aspartic acid for proline at position 28 in the B chain of 
human insulin as illustrated in Fig. 28-9. Brange and associates 
reported on various approaches for producing monomeric in- 
sulins.*! In the case of Asp®”8, the primary hypothesis was to 
selectively introduce an amino acid with a negatively-charged side- 
chain carboxy] group to create charge repulsion and weaken the 
monomer-monomer interaction. Although charge repulsion may 
play some role in hindering self-association, a more likely explana- 
tion for the more rapid action of this human insulin analog concerns 
the removal of proline from position B28, which eliminates a key 
hydrophobic interaction between monomers.’ The Asp?” analog 
has recently been crystallized in the presence of zinc and phenol or 
m-cresol;!*° the analog crystallized as R, hexamers with a number 
of phenolic molecules (m-cresol or phenol) bound at specific sites. 
This contrasts to Lys®**Pro®”* insulin crystal studies, which showed 
a T3R;' hexamer conformation. The replacement of proline with 
aspartic acid at position B28 causes increased conformational flexi- 
bility in the C terminus of the B chain, resulting in loss of critical 
intermolecular van der Waals contacts between positions B28 
and GlyB23’ at the monomer-monomer interface, explaining the 
monomeric nature of the analog.” As mentioned previously, this 
explanation is contrary to the original design hypothesis of intro- 
ducing charge repulsion in the interface.*”!"’ However, it has been 
speculated that charge repulsion may contribute to hexamer desta- 
bilization, causing rapid dissociation to monomers.’ 

The pharmacokinetics and pharmacodynamics of Asp??? have 
been investigated in normal subjects,” 1-139 and, as reviewed by 
Lindholm and Jacobsen,'*° subcutaneously-administered Asp®7* 
showed an absorption profile with a time to reach peak concentra- 
tion about half that of human insulin, a peak plasma drug concen- 
tration approximately twice as high, and a shorter residence time 
(Fig. 28-11). These observations are similar to those obtained in 
the insulin lispro studies and are consistent with the notion that 
more rapid action can be achieved using insulin analogs with im- 
paired self-association characteristics. Similarly, clinical trials in 
patients with type l or type 2 diabetes have demonstrated that in- 
sulin aspart, like insulin lispro, is efficacious as a very rapid-acting 
mealtime insulin, resulting in improved postprandial glucose ex- 
cursions when compared to the traditional regimen of regular 
human insulin given approximately 30 minutes before the 
meal.!“°'*? Both insulin aspart and insulin lispro, in conjunction 
with appropriate basal insulin therapy, appear to more closely 
mimic the endogenous insulin profile in blood compared with 
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FIGURE 28-11. Glucose infusion rates (A) and serum insulin concent 
tions (B) after subcutaneous injection of 0.15 U/kg~' body weight 
Asp®* (—*—) or regular human insulin (----) into the abdominal region 
14 normal subjects. Baseline insulin concentrations were established by 
intravenous insulin infusion of 0.15 mUskg” 'min”!. (Reproduced with px 
mission from Heinemann et al.'") 


human insulin.'“°!® Insulin aspart is also an alternative for intei 

sive insulin therapy by CSII,'*! and the analog can be formulate 

with protamine in a 30:70 mixture.'°?-'*? Although insulin aspa 

and insulin lispro are generally assumed to be quite similar in the 

respective pharmacokinetic and pharmocodynamic propertie: 

there is a paucity of data showing direct comparisons. Hedman an 

associates'™ designed such a comparison, in which 14 patient 

with TIDM were administered 10 U of each analog on alternat 
days immediately before consuming a standardized breakfast in ; 
single blind randomized crossover study. As expected, both in 
sulins were absorbed much faster than human insulin after subcuta: 
neous injection, with higher insulin peaks and shorter duration oi 
action (based on historic data). The main finding in this direct com- 
parison of insulin aspart and insulin lispro is that the free plasma 
insulin levels resemble each other, with insulin lispro showing a 
slightly more rapid uptake, reaching the maximum peak concentra- 
tion earlier, followed by a more rapid decline. 


Gly*?"Arg®*"Arg*?—Human Insulin 
(Insulin Glargine [Lantus]) (also 21°-Gly-30°a- 
L-Arg-30°b-L-Arg-Human Insulin) 


This human insulin analog (formerly known as HOE 901) was de- 
signed as a soluble, basal insulin. The design concept involved in- 
troducing two arginines into the primary structure of human insulin 
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(see Fig. 28-9), thereby shifting the isoelectric point from about 5.5 
to a more neutral pH, a maneuver that greatly reduces the solubility 
of the insulin analog upon injection into the neutral milieu of the 
subcutaneous tissue. An insulin-like molecule with this characteris- 
tic occurs naturally in that diarginy! insulin (insulin-Arg”*' Arg?) 
is one of the intermediate products formed during the proteolytic 
conversion of proinsulin to insulin in the pancreatic B cell.’ The 
same diarginyl insulin is also formed under some manufacturing 
conditions for recombinant human insulin.” The replacement of 
asparagine with glycine at position 21 in the A chain is necessary to 
ensure acceptable chemical stability for the slightly acidic, soluble 
glargine formulation. This is a crucial modification as acidic in- 
sulin solutions are known to degrade by mechanisms that involve 
the COOH-terminal asparagine at position A21.'%° 

X-ray crystallographic analysis of Gly*?'Arg;®?'Arg®??_ 
human insulin indicates that the hexamer structure is more stable 
than the native hormone and that the analog crystallizes as Ry hexa- 
mers in the presence of phenol.'*’ Crystal stability is mainly attrib- 
uted to interactions between neighboring hexamers, and a seventh 
molecule of pheno! was also detected in the structure, located in a 
surface depression of trimer I.'*’ The phenolic hydroxy! group do- 
nates a hydrogen bond to the side chain of a glutamic acid residue 
of a neighboring hexamer in the crystal lattice. This interaction was 
proposed to increase the attractive interhexamer forces contribut- 
ing to the stabilization of the analog crystals formed after subcuta- 
neous injection.'*’ 

The clinical efficacy and safety of insulin glargine have been 
reported recently in studies with healthy volunteers," in pa- 
tients with TIDM,''® and in patients with T2DM.'°’!® Com- 
parisons were generally made using once-a-day injection for 
glargine versus once- or twice-a-day injections for NPH. The gen- 
eral consensus is that this new soluble, long-acting insulin provides 
more stable blood glucose control with a nearly peakless pharma- 
codynamic profile, in contrast to the peaks seen with NPH insulin 
(see Fig. 28-12). Also, there appears to be a safety benefit in terms 
of less nocturnal hypoglycemia. Lepore and coworkers! com- 
pared insulin glargine against NPH insulin, Ultralente human in- 
sulin, and against a CSII regimen. The authors concluded that 


FIGURE 28-12. Time-action profile of insulin glargine (Lantus) and NPH 
human insulin, showing the glucose infusion required to maintain plasma 
glucose concentration at the target of about 130 mg/dL (7.2 mmol/L) in 
20 patients with T1DM after injection of either 0.3 U/kg insulin glargine or 
NPH insulin. The NPH study was terminated at 20 hours because of exces- 
sive hyperglycemia. (Modified with permission from commentary by Bolli 
et al.’™) 
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glargine is a peakless insulin, that it lasts nearly 24 hours, that it 
shows lower intersubject variability than NPH and Ultralente, and 
that it closely mimics CSII. Thus insulin glargine represents a new 
soluble basal insulin that may be an important part of the basal- 
bolus equation along with the new mealtime insulins (insulin lispro 
and insulin aspart).'© However, because of formulation incompati- 
bility, the acidic insulin glargine formulation should not be mixed 
with either insulin lispro or insulin aspart formulations. 


CONCLUSIONS AND FUTURE OUTLOOK 


Physiological insulin secretion in normal individuals is character- 
ized by stimulated and basal phases. The goal of effective diabetes 
treatment is to simulate this profile with appropriate injections of 
insulin. While there have been improvements in the area of phar- 
maceutical formulation, the time-action profiles of the various 
commercially available insulin preparations do not adequately ap- 
proximate endogenous secretion. Clinical data indicating that ef- 
fective blood glucose control reduces the progression of complica- 
tions associated with diabetes has further driven efforts to optimize 
subcutaneous injection therapy. Since little more could be done in 
terms of improving formulation, recent attention has focused on 
manipulating the properties of the insulin molecule itself. Recom- 
binant DNA technology and continued advancement in insulin 
structural determinations have provided the tools to explore this 
new area of research. 

Clinical studies have demonstrated that the absorption of sub- 
cutaneously injected insulin is influenced by a variety of factors, 
none of which can be sufficiently controlled by the patient to 
achieve more physiologic time-action profiles. Until recently, the 
relationship between the structural properties of insulin and the ab- 
sorption process were not fully appreciated. The excipients in- 
cluded in soluble regular insulin preparations to impart stability and 
satisfy other regulatory requirements promote hexamer assembly. 
Based on the hypothesis that diffusion and dilution of the insulin 
hexamer at the injection depot may influence pharmacokinetics 
and pharmacodynamics, insulin analogs with reduced propensity 
towards self-association were designed and tested. The physico- 
chemical properties of a number of these analogs confirmed that 
self-association can be manipulated by selected amino acid modifi- 
cation of the native sequence, and so called “monomeric” insulins 
could indeed be synthesized. Subsequent in vivo testing has demon- 
strated that the pharmacokinetic and pharmacodynamic properties 
of these analogs following subcutaneous administration better sim- 
ulate meal-stimulated secretion compared to human insulin. Two 
of these analogs (insulin lispro and insulin aspart) have received 
regulatory approval and are commercially available under the trade 
names of Humalog and NovoRapid, or Novolog, respectively. 
Interestingly, a prerequisite for the commercial viability of 
Lys®**Pro®”? was a suitable formulation with the inclusion of ex- 
cipients found to induce self-association. These formulation condi- 
tions appear to undermine the original concept of eliminating hexa- 
mer association. However, Lys®**Pro®” hexamers were determined 
to be destabilized relative to human insulin such that the analog’s 
desirable pharmacokinetic and pharmacodynamic properties are 
not impacted by formulation. The same is true for insulin aspart. 

The strategy of producing monomeric analogs to improve 
prandial insulin requirements has been very successful. However, 
basal insulin needs must also be satisfied for effective therapy. 
NPH and Ultralente suspensions currently used for basal therapy 
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were developed long before physiologic insulin secretion was un- 
derstood. Pharmacologic studies of these suspensions have demon- 
strated that the pharmacokinetic and pharmacodynamic properties 
do not simulate the prolonged, low-level release profile of endoge- 
nous insulin secretion. Since these suspensions also require agita- 
tion to homogeneously disperse the solid particles prior to injec- 
tion, they are somewhat more complicated for patients to use. 
Therefore, the newly-approved, soluble, long-acting insulin prepa- 
ration insulin glargine (Lantus) is an additional product for patients 
and diabetes caregivers in the continual quest to obtain the best 
blood glucose control possible. '®'”? Additional insulin candidates 
are still in the research stage. One in particular is in clinical devel- 
opment. Insulin detemir [Lys®?°(N-tetradecanoyl) des(B30) human 
insulin] is a soluble insulin derivative being developed as a soluble, 
basal insulin. Like native insulins, it exists in the formulation pri- 
marily in the hexameric state.'”' The fatty acid side chain appar- 
ently assists in hexamer aggregation as well as to delay hexamer 
dissociation and absorption.'’” Also, the fatty acid side chain of the 
monomeric insulin derivative binds to albumin and subsequently 
slowly dissociates from the albumin, prolonging time action.'” 
While results from an earlier study in normal volunteers gave in- 
conclusive results on the potential use of insulin detemir as a basal 
insulin,'”* results of clinical studies in patients with TIDM suggest 
insulin detemir was as effective as NPH in maintaining glycemic 
control, but only when administered at a higher molar dose.'”! 
There appears to be little that can be done to further improve 
upon the pharmacologic properties of the monomeric analogs for 
subcutaneous injection therapy. The properties of these analogs are 
now being exploited in other formulations. For example, in an ef- 
fort to optimize basal-bolus therapy, intermediate-acting protamine 
suspensions of insulin lispro and insulin aspart have been devel- 
oped for use in premixed preparations. The rapid time-action pro- 
file of the soluble fraction of the analog is maintained in these 
preparations. In terms of the promising basal analog formulation, 
Lantus, the prolongation mechanism involves an in situ precipita- 
tion at the injection depot rather than injection of a preformed NPH 
or Ultralente suspension. What potential improvements can be de- 
vised to improve upon this approach, or whether a totally different 


insulin analog concept for improving basal therapy can be created 


remain to be seen. 


Acknowledgement. This chapter was condensed in part from ref- 
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CHAPTER 29 


Intensive Management of Type 1 Diabetes Mellitus 


Suzanne M. Strowig 
Philip Raskin 


INTRODUCTION 


The results of the Diabetes Control and Complications Trial 
(DCCT) resolved any ambiguity regarding the relationship be- 
tween glycemic control and diabetic microvascular and neuro- 
pathic complications.' The DCCT showed that an intensive dia- 
betes treatment program that resulted in near-normal glycosylated 
hemoglobin levels significantly delayed the development and pro- 
gression of the microvascular complications of diabetes by about 
50%. The lowering of the glycosylated hemoglobin level was asso- 
ciated with a curvilinear decrease in the progression of retinopathy 
(i.e., the lower the level of glycosylated hemoglobin, the less 
the risk of the development and progression of diabetic compli- 
cations”). Based on these data, the DCCT Research Group recom- 
mended that intensive diabetes treatment be instituted in most 
individuals with type | diabetes mellitus (T1DM) with the goal of 
achieving glycemic levels as close to those of nondiabetic individ- 
uals as possible. 

The value of intensive diabetes treatment was underscored by 
the recent publication of the findings in DCCT subjects 4 years 
after the trial ended.” At the conclusion of the DCCT, subjects who 
had received conventional therapy were advised to initiate an inten- 
sive insulin treatment program. All subjects received subsequent 
care from their own physicians, and most were enrolled in the Epi- 
demiology of Diabetes Interventions and Complications (EDIC) 
trial, a long-term observational study. Although the glycosylated 
hemoglobin levels were significantly different between the inten- 
sively and conventionally treated subjects at the end of the DCCT 
(7.2% versus 9.1%, respectively), the HbA,, levels in both groups 
converged during the 4 years following the trial (intensive treat- 
ment group, 7.9%; conventional treatment group, 8.2%). Despite 
this, the subjects who received intensive therapy during the DCCT 
continued to have a lower risk of retinopathy and nephropathy at 
the end of year 4 of EDIC compared with those who received con- 
ventional therapy during the DCCT. This suggests that the benefi- 
cial effect of maintaining near-normal glycemic control persists 
long after the end of such therapy. Since the DCCT had previously 
shown that intensive therapy was most effective in preventing com- 
plications when introduced during the first 5 years of diabetes, it 
seems that intensive therapy should be implemented as early as is 
safely possible, and that such therapy be maintained for as long as 
possible. 


INSULIN REGIMENS 


The majority of this chapter describes intensive diabetes tre: 

techniques. However, since some individuals with TIDM m 

be candidates for intensive diabetes treatment or may not be 

ing to accept the personal commitment inherent in such treat 
other insulin regimens, along with their indications, advan 
and disadvantages, are discussed. In general, insulin injection 
mens consist of a combination of basal insulin (intermediate-z 
insulin such as NPH or Lente™, or long-acting insulin su 
Ultralente™) and short-acting (regular) or rapid-acting insuli) 
sulin lispro or insulin aspart). Short- or rapid-acting insulin is 
before meals to control postprandial blood glucose levels. 


Short- and Rapid-Acting Insulin 


The optimal time to inject regular insulin to achieve ideal postr 
dial blood glucose levels is 30-60 minutes before meals. The } 
effect of regular insulin is usually achieved 2-6 hours after ir 
tion, and its effects may last from 6 hours to as long as 16 hot 
However, since the peak glycemic response to a mixed meal 
been found to be between 26 and 70 minutes after ingestion, re 
lar insulin may peak too late to control postprandial! blood gluc 
levels.” There is also the potential for hypoglycemia to occur s 
eral hours after the meal. 

The rapid-acting insulin analogues insulin lispro and inst 
aspart were developed by modifying the amino acid sequence 
composition of the B chain of the insulin molecule. These alteratic 
reduce the stability of the insulin monomer-monomer interactir 
leading to a more rapid dissociation and subcutaneous absorpti 
of the insulin. With insulin lispro, lysine and proline at positic 
28 and 29 of the B chain of the human insulin molecule have be 
reversed. In insulin aspart, the proline at position B28 has be 
replaced by aspartic acid. The pharmacokinetic effects of the 
modifications in the insulin molecule are: (1) The insulin is 2 
sorbed and eliminated faster than regular insulin, producing 
shorter duration of action (3 hours versus 6 hours), and (2) t 
serum concentration peaks more than two times higher and in le 
than half the time (42 minutes versus 101 minutes) of regular i 
sulin (Fig. 29-1).?"'? Studies have shown that postprandial blo 
glucose levels are improved with the use of these insulin ar 
logues.'*"'* although preprandial and fasting blood glucose lev 
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FIGURE 29-1. Effects of subcutaneous administration of insulin lispro and 
regular insulin on serum insulin concentrations. (Reproduced with permis- 
sion from Holleman et al.”) 


may be elevated because of the short duration of action. A reduc- 
tion in the frequency of hypoglycemia!*!°-?' and an improvement 
in patient satisfaction'®?* have been reported with the use of rapid- 
acting insulin. 

There are several clinical considerations associated with the 
use of rapid-acting insulin. Since the onset of action is fairly rapid, 
insulin lispro and insulin aspart can be taken within 15 minutes be- 
fore the meal.” Because of its short duration of action, more basal 
insulin is usually required to control preprandial and fasting blood 
glucose levels.*?° A morning and evening injection of intermedi- 
ate- or long-acting insulin is usually necessary. Patients may not 
require between-meal snacks, and in fact may need additional in- 
jections of rapid-acting insulin if snacks are desired.”® 

Some practitioners compensate for the shorter duration of 
action associated with rapid-acting insulin by combining it with 
regular insulin before meals. At present, there is no evidence to 
suggest that this combination of insulin provides improved blood 
glucose control.” 


Twice-Daily Insulin Injections 


Single daily doses of insulin rarely result in 24-hour glycemic 
control, and are not recommended. A twice-daily insulin injection 
regimen is usually given as a combination of short- (regular) or 
rapid-acting (lispro or aspart) insulin and intermediate-acting 
(NPH or Lente) insulin before breakfast and supper. This regimen 
provides insulin availability for each meal plus sustained insulin 
action overnight (Fig. 29-2). The total daily dose of insulin is often 
determined by body weight, usually between 0.5 and 1.0 U/kg per 
day.™" Generally, two-thirds of the total daily dose is given in the 
morning before breakfast, and one-third is given in the evening before 
supper, with each injection consisting of two-thirds intermediate- 
acting insulin and one-third short- or rapid-acting insulin. An in- 
sulin algorithm can be employed to adjust the regular insulin or 
rapid-acting insulin analogues based on prebreakfast and presupper 
blood glucose levels. 

Insulin with a premixed ratio of intermediate- (i.e., NPH) and 
short- or rapid-acting insulin is available for patients who have 
physical and cognitive limitations. A patient can draw up a single 
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FIGURE 29-2. Representation of idealized periods of insulin effect for a 
split-and-mixed insulin regimen. consisting of two daily doses of short- 
acting (regular) and intermediate-acting insulin. Symbols: B, breakfast: L, 
lunch; S, supper; HS, bedtime: arrows, time of insulin injection 30 minutes 
before meal: Reg, regular or short-acting insulin effect; NPH/LENTE, 
intermediate-acting insulin effect. (Reproduced with permission from Hirsch 
et al.) 


dose of insulin from one vial of 70/30 insulin that consists of 70% 
NPH and 30% regular insulin, or of 75/25 insulin that consists of 
75% NPL (neutral protamine lispro) and 25% insulin lispro. Al- 
though these mixtures are easy to use, they decrease the flexibility 
of dose adjustments. For example, 30 units of 70/30 insulin taken 
before breakfast may contain a sufficient amount of intermediate- 
acting insulin (21 units) to control presupper blood glucose con- 
centrations, but may provide too much short-acting insulin (9 units) 
to control prelunch blood glucose levels, resulting in hypoglycemia 
before lunch. Lowering the dose of 70/30 insulin would correct the 
hypoglycemia before lunch, but would result in hyperglycemia be- 
fore supper. In this situation, the patient, if capable, would need to 
individually draw up the intermediate- and short- or rapid-acting 
insulin and mix in one syringe. 

Adjustments in the short- or rapid-acting insulin component 
of the prebreakfast dose are made based on the subsequent exam- 
ination of postbreakfast and prelunch blood glucose concentra- 
tions. Changes in the intermediate-acting insulin component of 
the prebreakfast dose are based on the examination of presupper 
blood glucose concentrations. Similarly, the subsequent examina- 
tions of postsupper and bedtime blood glucose levels determine 
changes in the short- or rapid-acting insulin component of the 
presupper insulin dose, whereas the fasting and 3 aM blood glu- 
cose levels are used to make changes in the intermediate-acting 
component of the presupper insulin dose. Insulin dosages should 
be changed by 10-20% whenever an adjustment is indicated. 
Once done, it is best to wait several days before making further 
changes. 

Although twice-daily mixed insulin provides adequate insulin 
availability throughout the day, there are several pitfalls to this reg- 
imen. Hypoglycemia late in the afternoon and in the middle of the 
night related to intermediate acting insulin frequently occurs, espe- 
cially with the new formulations of biosynthetic human insulin, 
which have a shorter duration of action than the animal insulins 
used in the past. Prebreakfast hyperglycemia can also occur be- 
cause insulin action wanes. Attempts to decrease moming hyper- 
glycemia by increasing the presupper dose of intermediate-acting 
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insulin may only aggravate the frequency and severity of nocturnal 
hypoglycemia. Correcting prebreakfast hyperglycemia can be re- 
solved by taking the evening dose of intermediate-acting insulin 
at bedtime. Of course, the patient must now take three insulin 
injections daily (Fig. 29-3). 

A twice-daily insulin injection plan is the least flexible regi- 
men. Insulin must be taken at approximately the same time every 
day (+1 hour). Failure to do this creates periods of insulin defi- 
ciency and periods of overinsulinization when insulin action over- 
laps. Meal times must also be consistent since food must be eaten 
when insulin action peaks. Problems in blood glucose control may 
result when the patient sleeps late, travels, changes work hours, or 
eats out. When diabetic patients have a lifestyle that demands flex- 
ibility, this regimen is often difficult to manage, and a more in- 
tensive regimen involving three or more injections per day or an 
insulin pump has distinct advantages. 


Multiple Daily Insulin Injections 


Multiple daily injection (MDI) regimens can be done in a variety of 
ways. Three injections per day using a mixture of intermediate- 
and short- or rapid-acting insulin before breakfast, short- or rapid- 
acting insulin before supper, and intermediate-acting insulin at 
bedtime can be effective for diabetic patients who experience fre- 
quent nocturnal hypoglycemia and prebreakfast hyperglycemia 
using only two injections per day (Fig. 29-3). This regimen also 
provides additional control and flexibility for those who do not 
wish to use the more intensive injection schedules. It may be most 
suited to individuals who desire better glycemic control and/or 
flexibility but do not wish to take or frequently forget the prelunch 
injection. This is often the case in children and adolescents who 
may find it difficult to take a prelunch injection while at school. 
Four daily insulin injections using short- or rapid-acting in- 
sulin before each meal and intermediate- or long-acting insulin 
once or twice a day allows patients more flexibility. A regimen of 
four daily injections using intermediate-acting insulin at bedtime 
(Fig. 29-4) avoids problems associated with peak afternoon insulin 
activity from an injection of intermediate-acting insulin taken be- 
fore breakfast. Short-acting insulin can be adjusted to adequately 


FIGURE 29-3. Representation of idealized periods of insulin effect for a 
three-injection-a-day regimen in which split-and-mixed dose is given in the 
morning, short-acting (regular) insulin before supper. and intermediate- 
acting insulin is delayed until bedtime. Symbols: B. breakfast; L, lunch: S. 
supper; HS. bedtime: arrows. time of insulin injection 30 minutes before 
meal: Reg. regular or short-acting insulin effect: NPH/LENTE, intermedi- 
ate-acting insulin effect. (Reproduced with permission from Hirsch ct al.75) 
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FIGURE 29-4. Representation of idealized periods of insulin effect f 
multiple dosage regimen providing short-acting (regular) insulin be 
each meal and intermediate-acting insulin at bedtime. Symbols: B, bri 
fast; L. lunch; S. supper: HS, bedtime: arrows. time of insulin injec 
30 minutes before meal; Reg. regular or short-acting insulin eff 
NPH/LENTE., intermediate-acting insulin effect. (Reproduced with į 
mission from Hirsch et al”) 


cover each meal, thus controlling postprandial hyperglycemia a 
facilitating better overall glycemic control throughout the d: 
However, if rapid-acting insulin (insulin lispro or insulin aspart) 
used before meals instead of short-acting insulin, a morning inje 
tion of intermediate-acting insulin in addition to the bedtime inje 
tion of intermediate-acting insulin will likely be needed. Mo 
basal insulin is required when rapid-acting insulin is used becau. 
of the short duration of action.7*** 

Ultralente insulin can be used in MDI regimens in place of i1 
termediate-acting insulin to meet basal insulin needs (Fig. 29-5 
Ultralente insulin can be given as one injection in the morning, bt 
is usually divided so that half the dose is taken before breakfast an 
the other half before supper (preferable when rapid-acting insuli 
is given before meals). Short- or rapid-acting insulin is given be 
fore each meal to provide meal-related insulinemia. Ultralente in 
sulin is considered a sustained, long-acting “peakless” insuli 
that can provide effective basal insulinemia. There is evidence t 


FIGURE 29-5. Representation of idealized periods of insulin effect for < 
multiple dosage regimen using premeal short-acting (regular) insulin and 
basal insulin as Ulualente. Symbols: B. breakfast: L. lunch: S, supper: HS, 
bedtime: arrows. time of insulin injection 30 minutes before meal; Reg, 
regular or short-acting insulin effect. (Reproduced with permission from 
Hirsch et al.*) 
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suggest, however, that small peaks in its action occur 15-24 hours 
after injection, particularly with newer human preparations.” 
Since small peaks in the activity of Ultralente insulin are difficult 
to predict, regimens using Ultralente insulin may be less preferable 
to those using intermediate-acting insulin. 

Insulin analogues that provide more effective basal insulin de- 
livery may make MDI regimens even more successful at achieving 
glycemic goals. Insulin glargine, recently approved by the FDA, 
results from two modifications of human insulin. Two arginine mol- 
ecules which are positively charged are added at the C terminus of 
the B chain. The aspargine molecule at position 21 in the A chain is 
replaced by glycine. This leads to a shift of the isoelectric point that 
results in precipitation at the neutral pH of subcutaneous tissue and 
thus delayed absorption.*' Insulin glargine is peakless, lasts nearly 
24 hours, and has lower intersubject variability than NPH and 
Ultralente insulin.” Studies have shown that insulin glargine 
given once daily results in lower fasting blood glucose levels and a 
comparable or lower incidence of hypoglycemia compared with 
intermediate-acting insulin given one or more times daily.” In- 
sulin glargine is a clear solution at a pH of 4.0 and cannot be diluted 
or mixed in a syringe with any other insulin. Patients who are switch- 
ing from once-daily doses of NPH or Ultralente insulin to a once- 
daily bedtime dose of insulin glargine should start on the same dose 
of insulin glargine as was previously used while on intermediate or 
Ultralente insulin. Patients being switched from twice-daily doses of 
NPH or Ultralente insulin to a once-daily bedtime dose of insulin 
glargine should have their insulin glargine dose reduced by 20% 
from the previous total daily dose of NPH or Ultralente insulin. 

Other insulin analogues for basal insulin delivery are under de- 
velopment. One such analogue is insulin detemir, which is created 
by acylation of LysB29 with a saturated fatty acid, and by remov- 
ing the amino acid residue at position B30. This analogue has a 
high affinity for albumin, which results in a delay in the absorption 
of insulin and a prolonged duration of action. 

When four-injection regimens are used, insulin adjustments 
are made based on blood glucose levels obtained before and after 
meals, before bed, and periodically at 3 aM. Changes in the bed- 
time intermediate or long-acting (Glargine)* insulin are based on 
3 aM and fasting blood glucose levels. The moming intermediate- 
acting insulin is adjusted based on the mid- to late-aftemoon and 
presupper blood glucose reading. The premeal short- or rapid- 
acting insulin doses are adjusted based on the postprandial and pre- 
meal blood glucose levels that follow that injection (i.e., the pre- 
lunch insulin dose is adjusted based on the blood glucose level 
after lunch and before supper). 

Despite the increased flexibility that multiple insulin injection 
regimens offer, injections of short-acting insulin should be given 
within 4—6 hours of one another. Skipping meals and/or injections 
of short-acting insulin usually results in loss of blood glucose con- 
trol, although this may be less of a problem with new long-acting 
insulin analogues. Maintaining this degree of consistency may be a 
limiting factor for some individuals. In addition, some patients may 
object to frequent needle injections or having to carry syringes and 
bottles of insulin with them. Pen-like devices are available (self- 
contained pens of insulin with a needle attached) that enable a pa- 
tient to simply dial the desired dose and inject the insulin with rel- 
ative ease. These devices are simple to use and handy to carry, and 
may help patients more successfully implement a multiple daily in- 
sulin injection regimen. 

Inhaled insulin, currently under investigation, may be an 
option in the future to facilitate implementation of multiple daily 


doses of insulin. Aerosolized dry powder insulin is inhaled via a de- 
vice that enhances inhalation and absorption of the insulin through 
the alveoli of the lungs. The inhaled insulin is a short-acting insulin 
that can be administered before meals; intermediate- or long-acting 
insulin must be given via subcutaneous needle injection one or two 
times daily in addition to the inhaled insulin. Onset of action and 
maximal action of inhaled insulin appear to occur sooner than sub- 
cutaneously administered regular insulin.” Preliminary reports 
suggest that inhaled insulin results in at least comparable levels of 
glycemic control as subcutaneous insulin.” The effect of inhaled 
insulin on pulmonary function continues to be investigated. 


Method for Determining Initial Insulin 

Dosages for MDI Regimens 

The total amount of intermediate-(NPH/Lente) or long-acting 
(Glargine) insulin at bedtime should be 35-50% of the patient’s 
total daily dose. The total dose of NPH/Lente or ultralente insulin 
can be divided so that 30-40% is given before breakfast, and the 
remainder is given at bedtime. This is recommended if rapid-acting 
insulin instead of short-acting insulin is given before meals. The 
amount of short-acting insulin before each meal can be calculated 
as a percentage of the total daily dose as follows: breakfast, 20- 
25%; lunch, 10-15%; dinner, 15-20%; and bedtime, 3-5%. 

For example, an insulin regimen consisting of NPH 20 units 
and regular 10 units before breakfast and NPH 10 units and regular 
5 units before dinner could be converted to a four-injection-per-day 
regimen as follows: 


Bedtime NPH insulin: 40% of 45 units (.40 X 45) = 18 units 
Regular insulin: Breakfast, 9 units (45 X .20) 

Lunch, 7 units (45 X .15) 

Dinner, 9 units (45 X .20) 

Bedtime snack, 2 units (45 X .05) 


Premeal dosages of short- or rapid-acting insulin can also be 
calculated based on the patient’s dietary intake using the guidelines 
described below for insulin pump therapy (i.e., 1-2 units per 10-15 
grams of carbohydrate). When a patient switches from short-acting 
insulin (regular) to rapid-acting insulin (lispro), the dose of rapid- 
acting insulin may need to be reduced, and the dose of basal insulin 
(intermediate- or long-acting insulin) may need to be increased. 


Continuous Subcutaneous Insulin Infusion 


Continuous subcutaneous insulin infusion (CSII) is an alternative 
to MDI when the patient desires improved blood glucose control or 
greater flexibility in his or her regimen. Of all options, the insulin 
infusion device permits the greatest degree of lifestyle flexibility 
and can therefore facilitate achieving glycemic goals. The reasons 
for this are (1) the insulin pump uses only short- or rapid-acting in- 
sulin, making insulin absorption from subcutaneous tissues more 
predictable, and (2) insulin delivery is similar to that found in non- 
diabetic individuals since there is continuous basal insulin delivery 
supplemented by preprandial increases in plasma insulin levels 
(Fig. 29-6, Table 29-1).°” 

The pump contains a syringe or reservoir of insulin that con- 
nects to a catheter with a 27-gauge needle or teflon cannula at the 
end. The needle is inserted by the patient into subcutaneous tissue, 
usually in the abdomen. The user programs the insulin pump to 
deliver insulin in a basal mode, which is a continuous infusion of 
insulin usually ranging from 0.5-2.0 U/h. The basal rate is deliv- 
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FIGURE 29-6. Representation of insulin effect provided by continuous sub- 
cutaneous insulin infusion. A continuous infusion (basal rate) is delivered, 
with premeal boluses administered before meals. Only short- or rapid- 
acting insulin is used. Symbols: B, breakfast; L. lunch; S, supper: HS, bed- 
time. (Reproduced with permission from Hirsch et al.?’) 


ered automatically once programmed. Modern pumps provide the 
option of automatically delivering multiple different basal rates in 
a 24-hour period. The majority of patients require one to three 
basal rates per day, the alternate basal rates being adjusted for 
lower insulin needs at night or higher insulin needs in the predawn 
hours. The user programs each premeal bolus before eating. 

Although CSII has many advantages, there are several poten- 
tial problems unique to insulin pump therapy. Interruption of in- 
sulin delivery can result in hyperglycemia or ketoacidosis in a mat- 
ter of hours since there is no depot insulin. Pump malfunction, a 
dead battery, leakage from the catheter or catheter connections, an 
empty insulin reservoir, needle displacement, and insulin aggrega- 
tion in the catheter or in the needle inserted into the abdomen can 
result in cessation of insulin delivery. Patients must be taught to 
manage all of the technical components of CSII and be aware of 
how to deal with problems when they occur. With proper education 
and follow-up these problems can be avoided. Insulin pumps have 
alarm systems that warn of pump malfunction, a dead battery, an 
empty syringe, high pressure, and programming errors. 

Another potential problem with CSII is infusion site infections 
where the needle is inserted. This can be avoided by maintaining 
good infusion site care and changing the needle every 1-2 days. In- 
fusion site infections are usually resolved with oral antibiotics. Se- 
vere infections may have to be surgically incised and drained. 


TABLE 29-1. Example of Variable insulin Dosage Schedule 
for Insulin Infusion Pump Therapy (Short- or Rapid-Acting 
Insulin Only) 


Blood Glucose Units of Insulin 
(mg/dL) Breakfast Lunch Supper Bedtime Snack 
<70 4 3 5 0 
71-100 6 4 6 0 
101-150 7} 5 7 1 
151-200 8 6 8 2 
201-250 9 7 9 2 
251-300 10 8 10 3 
>300 12 10 12 4 


Basal rate = 1.0 U/h. 
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Other considerations include personal issues related to pu 
such as how to wear the pump with different clothing, how 
with special occasions, swimming, showering, personal ir 
and involvement in sports activities. Pump wearers have the 
of using a multiple daily insulin injection regimen for oc 
when pump use is not desired. 

There are three insulin pump manufacturers at present 
pump technology is constantly changing, there are genera 
acteristics to consider when selecting a pump. These i 
(1) pump size, (2) type of reservoir used, (3) power sourct 
of batteries needed), (4) ease of wear, (5) ease of programm: 
(6) safety features and alarm systems, (7) special features s 
number of programmable basal rates, bolus recall, temporary 
rate options, square wave bolus options, display, and resista 
moisture, (8) warranty, (9) availability of supplies for use wi 
pump, (10) cost, (11) level of support from the manufactur 
education and dealing with problems as they arise, and (12) 1 
of durability over time. Implantable insulin pumps are 
investigation. 


Methods for Determining Initial 

Insulin Dosages for CSII 

The insulin pump delivers insulin via a continuous basal rate 
via a bolus, which is a larger amount of insulin taken before a r 
The total 24-hour basal rate is usually 40-50% of the patient’s 
daily dose. The meal boluses can be estimated as a percentage o 
total daily dose as follows: breakfast, 20%; lunch, 10%; dinner, 1 
and snack, 5%.” The basal rate should generally be no more | 
60% of the patient’s total daily dose. If the patient has reasoni 
good glycemic control, it is advised to take the prepump total d 
dose and reduce it by 10% prior to calculating pump dosages si 
insulin requirements are often lower with insulin pump therapy. 

For example, a starting insulin pump dose for a patient whi 
taking NPH 22 units and regular 8 units before breakfast, and N 
10 units and regular 6 units before supper, for a total daily dose 
46 units, is as follows: 


Basal rate: 46 X 50% (0.50 X 46) + 24 hours = 1.0 U/h 
Boluses: Breakfast, 9.0 units (46 X .20) 

Lunch, 4.5 units (46 X .10) 

Dinner, 7.0 units (46 X .15) 

Bedtime snack, 2.0 units (46 x 0.5) 


An alternative way to calculate the total daily basal rate is 1 
multiply the patient’s weight in kilograms by 0.3. If the patient 
weight was 80 kg (176 1b), the basal rate would be (80 X 0.3) + 24: 
1.0 U/h. Assuming the basal rate was 50% of the total daily dose 
the boluses would be calculated as above using 48 units as the tota 
daily dose. 

Patients using insulin pump therapy have the advantage of pro 
gramming different basal rates for varying diurnal insulin needs 
Patients often need lower basal rates between bedtime and 3:00- 
5:00 AM and higher basal rates between 3:00-9:00 Am to deal with 
the so-called “dawn phenomenon.” An intermediate basal rate may 
be needed during the rest of the day. An adjustment of the basal rate 
by 10-20% is usually recommended. Using the example above, 
the basal rate profile might be as follows: 


e 11:00 PM to 4:00 aM = 0.9 U/h 
e 4:00 AM to 8:00 aM = 1.2 U/h 
e 8:00 AM to 11:00 pm = 1.0 U/h 
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After calculating insulin boluses using the above formula, eval- 
uate these starting dosages relative to the patient’s meal plan. An 
average of | unit of short- or rapid-acting insulin will dispose of 
10-15g of carbohydrate, with a range of 0.5-2.0 units. For a meal 
containing 60g of carbohydrate, a bolus dose of 4—6 units would be 
a reasonable place to start. Using the above example, if the break- 
fast meal plan consisted of 60g of carbohydrate, 9 units of short- or 
rapid-acting insulin might be too much and a lower starting bolus at 
breakfast may be indicated. Once initiated, careful blood glucose 
monitoring must be performed to determine the effectiveness of in- 
sulin dosages relative to the meal plan and the patient’s usual activ- 
ity level. Frequent adjustments in the starting insulin dose are usu- 
ally required during the first 1-3 months of a new regimen. 


INTENSIVE DIABETES MANAGEMENT 


Intensive diabetes treatment is not simply multiple daily injections 
of insulin or insulin pump therapy. It is a goal-oriented, compre- 
hensive approach to therapy that consists of frequent blood glucose 
self-monitoring and a systematic approach to quantifying food and 
matching insulin to food intake.” This treatment approach is de- 
signed to achieve near normoglycemia by enabling the patient to 
change aspects of the regimen as different situations are encoun- 
tered through day-to-day life. Collaboration among team members 
including physicians, nurses, dietitians, and mental health profes- 
sionals is essential.” Intensive diabetes self-management educa- 
tion is not a single event, but should be integrated into the ongoing 
care of the patient (see Tables 29-2, 29-4). 


TABLE 29-2. Intensive Diabetes Treatment 


Patient Selection 


Most patients with T1DM should be given the opportunity to inten- 
sify their diabetes treatment. The manner in which this is accom- 
plished and the intensity of the treatment plan and the treatment 
goals will vary depending on a careful assessment of patient capa- 
bilities, resources, personal preferences, and the presence of known 
risk factors. Based on the results of the DCCT, any improvement in 
glycemic control will result in a reduction in risk for the develop- 
ment and progression of microvascular complications. However, 
since the greatest reduction in risk for long-term diabetic complica- 
tions is accrued with glycosylated hemoglobin levels near the nor- 
mal range, patients and health care providers need to strive for 
glycemic control as close to normal as is safely possible.’ 

There are patients in whom the risk:benefit ratio of intensive 
therapy may be less favorable.’ The major adverse event associated 
with intensive diabetes treatment in the DCCT was a threefold in- 
crease in the risk for severe hypoglycemia.*! Patients who have re- 
peated severe hypoglycemia or hypoglycemia unawareness should 
pursue intensive therapy slowly and cautiously. Glycemic goals 
may need to be modified for these patients to avoid serious seque- 
lae related to hypoglycemia. 

The DCCT did not include subjects under 13 years of age. 
Thus intensive therapy should be implemented with greater caution 
in children after carefully assessing the child’s capabilities and re- 
sources. Glycemic goals for children may also need to be modified 
to increase the safety of the treatment. Patients with advanced com- 
plications were not included in the DCCT cohort. Patients with 
coronary artery disease may be at a higher risk for severe sequelae 


Treatment plan: 


Multiple daily insulin injections or insulin pump therapy 


Blood glucose monitoring 4-7 times daily 
Meal planning based on a systematic approach to quantifying food and matching 


insulin to food intake 


Treatment goals: 
Ideal glycemic goals: 


Before meals 70-120 mg/dL 


Individualized based on capabilities and risk factors 


After meals <180 mg/dL 
Bedtime 100-130 mg/dL 
3:00 AM > 70 mg/dL 


Glycated hemoglobin level: nondiabetic range for the assay performed 


Characteristics: 


Integrates insulin and food preferences into lifestyle practices 


Basic prescription that can be adjusted by the patient 
Liberal, flexible, adapts to changing circumstances, and allows for patient choice 


Patient education: 


Basic education initially—only what is necessary to implement the treatment plan 


Ongoing education is integrated into each office visit 
Focuses on self-care behaviors and relevant issues within the context of lifestyle 


practices and experiences 


Emphasizes patient problem solving and decision making 
Emphasizes a systematic approach to matching insulin, food, and exercise rather than 


a fixed regimen 


Interventions: 
office visit 


Nursing, nutrition, behavioral, and medical interventions care provided at each 


Once the treatment plan is prescribed, taught, and implemented, interventions 
become more behavioral, directed at enabling patients to follow treatment 


recommendations 


Team collaboration: 


Team consists of patient, nurse, dietitian, physician, and mental health professional 


Each member contributes equally and is part of the ongoing care of the patient; 
communication is open and ongoing 
Decisions are made jointly; a unified message is delivered to the patient 
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from hypoglycemia. In addition, patients with proliferative or severe 
nonproliferative retinopathy may be at higher risk for transiently ac- 
celerated progression of their retinopathy after the start of intensive 
therapy and should be followed closely by their ophthalmologists. It 
is unlikely that advanced complications such as renal failure will re- 
verse with intensive therapy. In such patients, the adverse effects of 
intensive therapy often outweigh any potential benefit. 

Once risk factors have been taken into account, the intensity 
of the treatment plan will depend on the patient’s capabilities, mo- 
tivation, and resources. Blood glucose monitoring at least four 
times daily is essential for intensive diabetes treatment to be imple- 
mented successfully and safely.**“? The choice of multiple daily 
insulin injections or insulin pump will depend on the patient’s per- 
sonal preferences and financial resources. Patients who are reluc- 
tant to pursue intensive therapy can implement aspects of an inten- 
sive treatment plan in an incremental fashion.**“* By making 
mutually negotiated small changes in the diabetes treatment plan, 
the patient can demonstrate capabilities and accept aspects of in- 
tensive therapy over time. 


Methods for Adjusting Insulin Dosage 


Insulin Dosage Adjustments Based 

on Blood Glucose Levels 

Intensive treatment regimens commonly utilize insulin algo- 
rithms that adjust for premeal blood glucose levels. The algorithm 
in Table 29-1 assumes that a patient requires about 1.0 units of 
short- or rapid-acting insulin for every 50 mg/dL of blood glucose. 
Typically, patients require about | unit for every 40-50 mg/dL of 
blood glucose, but this varies depending on the patient’s insulin 
sensitivity and daily insulin requirements. For example, a patient 
taking 20 units of insulin per day may require 0.5 units of short- 
or rapid-acting insulin per 50 mg/dL of blood glucose, whereas a 
patient taking 80 units of insulin per day may require 2 or 3 units 
per 50 mg/dL of blood glucose. Patients can also take a supple- 
mental dose of rapid- or short-acting insulin to lower a high blood 
glucose level in the absence of food intake using the same guide- 
line. When short-acting (regular) insulin is used, taking it 45-60 
minutes before a meal instead of 30 minutes may be required if the 
premeal blood glucose level is elevated. 

If the premeal blood glucose level is below normal, patients 
will often wait less than 15 minutes to eat after administration of 
short-acting insulin to avoid further hypoglycemia. However, this 
approach increases the likelihood that postprandial hyperglycemia 
will occur. The ideal approach in this situation is for the patient to 
correct the hypoglycemia with a rapidly-absorbed source of carbo- 
hydrate and take the bolus or short-acting insulin injection 20-30 
minutes before ingesting the meal, based on the corrected blood 
glucose reading. This situation does not pose a problem when 
rapid-acting insulin is used, since the patient can eat immediately 
after taking the insulin injection. 


Insulin Dosage Adjustments 

Based on Food Intake 

The American Diabetes Association prioritizes maintenance 
of near-normal blood glucose levels as the first goal of nutrition 
therapy,” and not necessarily meeting some ideal nutrient content. 
To achieve this goal, nutrition therapy must be tailored to the pa- 
tient’s lifestyle preferences, and patients should be taught to quan- 
tify food intake and adjust insulin for variations in food and exer- 
cise.” No food is prohibited; sucrose and starches have similar 
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effects on glycemia. In addition, reasonable body weight is 
level of weight individuals and health care providers acknowlec 
as achievable and maintainable, not an ideal body weight based 
height and frame size.*°** 

Several dietary approaches can be used to assist patients 
quantifying food intake and plan meals. The exchange system 
commonly used and involves planning meals based on food grou 
Healthy Food Choices is a simplified version of the exchange s) 
tem. This system can be made even simpler by converting t 
exchanges to what we refer to as starch equivalents.” One star 
equivalent is equal to one starch, or one fruit, or one milk, or ty 
meat, or three vegetable exchanges. Carbohydrate counting requir 
the patient to count grams of carbohydrate and estimate insul 
dosage based on carbohydrate intake only. This system assumes 
relatively consistent intake of protein and fat. Total available gl 
cose (TAG) defines foods in terms of the amount of glucose deriv: 
from foods consumed. This approach assumes that 100% of cal 
ries from carbohydrate, 50% of calories from protein, and 10 
of calories from fat will contribute to blood glucose.*” TAG is tt 
most complicated method for estimating food intake and may n 
be appropriate for most patients. 

On average, patients need 1 unit of short- or rapid-acting ir 
sulin for every 15 g of carbohydrate (one starch exchange) cor 
sumed. However, this can range from 0.5-2.0 units per 15 g of ca 
bohydrate. A more precise estimate of the patient’s insulin neec 
per quantity of food can be determined when the patient achieve 
normal blood glucose levels while following a specific meal plan an 
insulin schedule. Prior to initiating a new intensive insulin regimer 
the dietitian can create a meal plan based on a patient’s 3- to 4-da 
food record. The meal plan should accurately reflect the patient’ 
personal preferences and should not be based on some “ideal” nu 
trient content. The patient should follow the meal plan for at leas 
1 month, until desired blood glucose levels are achieved. Durnin; 
this time, the patient should keep detailed food and insulin records 
The food records are useful to determine if the patient understand: 
the meal plan and is quantifying food correctly. When the patien 
deviates from the meal plan, the food records can be used to teact 
the patient how to incorporate different foods into the meal plan o1 
how to adjust the insulin for those foods. Food records also help 
patients identify relationships between food intake and blood glu- 
cose levels. 

When desired blood glucose levels are achieved, the informa- 
tion from the food and insulin records can be used to determine the 
insulin dose required per quantity of food. For example, if a pa- 
tient’s meal plan at lunch consists of one fruit exchange, one milk 
exchange, three bread exchanges, two meat exchanges, and two fat 
exchanges (72 g of carbohydrate or 6 starch equivalents), and a 
prelunch insulin dose of 9 units of short- or rapid-acting insulin 
results in normal postprandial blood glucose levels, the patient 
requires | unit of insulin for every 8 g of carbohydrate or approxi- 
mately 1.5 units per starch equivalent at lunch. The dosage per 
quantity of food can be separately calculated for breakfast and din- 
ner, recognizing that insulin requirements may vary at different 
times of the day. Using this information, the patient can simply es- 
timate the number of grams of carbohydrate or starch equivalents 
to be consumed at the meal and multiply by the number of units re- 
quired per quantity of food. The investment of time during the first 
2 months to match insulin to the meal plan and determine insulin 
needs per quantity of food is well worth the effort, as patients tire 
of the meal plan or encounter situations in which dietary intake will 
vary. Having a systematic approach to matching insulin to changes 
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in dietary intake enables patients to have flexibility and still main- 
tain near-normal blood glucose control. 


Insulin Dosage Adjustments Based 

on Changes in Activity 

Patients must learn to make adjustments in insulin or food in- 
take for changes in activity to keep blood glucose levels near nor- 
mal and to prevent hypoglycemia. If exercise is planned, insulin 
dosages can be adjusted. If exercise is unplanned, ingestion of ad- 
ditional carbohydrate will be necessary. Blood glucose testing be- 
fore, during, and after the activity is recommended to monitor the 
patient’s response to the exercise.°°*! Special precautions may also 
be needed depending on the time of the activity. Exercise-induced 
hypoglycemia can occur many hours after the activity. Nocturnal 
hypoglycemia can actually occur in response to intense moming or 
afternoon exercise." 

Premeal short- or rapid-acting insulin can be decreased 25- 
50% for moderate levels of planned postprandial activity. If the ac- 
tivity is strenuous, the patient may need additional carbohydrate 
along with the reduction in premeal short- or rapid-acting insulin.” 
Patients using insulin pumps can temporarily lower the basal rate 
approximately 20-40% for sustained periods of exercise lasting 
over 60 minutes. A reduction in the basal rate by 25% during post- 
exercise hours may be necessary to avoid postexercise hypo- 
glycemia." Suspending the basal rate for more than an hour is not 
recommended. For patients receiving morning NPH insulin, the 
moming dose of NPH may need to be reduced 15-25% for planned 
afternoon or evening exercise.*° Activities such as yard work, shop- 
ping, and housework are common events in patients’ lives that 
frequently result in episodes of hypoglycemia. Patients may need 
to reduce insulin and/or eat an additional snack for these kinds of 
activities. 

If the patient engages in unplanned exercise, additional carbo- 
hydrate must be consumed. A useful guideline is to ingest 15-30 g 
of carbohydrate for every 30—45 minutes of moderate exercise. For 
sustained periods of moderate to strenuous exercise, one protein 
exchange prior to the exercise may also be necessary.” Patients 
also need to be reminded to replace fluids during exercise, espe- 
cially for outdoor activities in warm temperatures. This is particu- 
larly true if autonomic dysfunction is present. 


Blood Glucose Monitoring 


Blood glucose self-monitoring is an essential component of the 
safe and effective implementation of intensive diabetes treatment. 
Blood glucose testing is most effective when the technical aspects 
are mastered and the results are used in a problem-solving fashion 
to achieve glycemic goals (see Table 29-3). Patients make deci- 
sions about elements of the treatment plan in a variety of situations 
based on blood glucose test results. Evaluating the effectiveness of 
health care recommendations or of a specific intervention depends 
upon self-monitored blood glucose levels. Regular and frequent 
blood glucose testing also provides a means to set glycemic goals 
and evaluate goal achievement. The patient’s blood glucose records 
enable the patient and health care provider to identify problems and 
solutions. Feedback from the health care provider regarding blood 
glucose test results assists the patient to understand the meaning 
of blood glucose levels and their relationship to specific self-care 
behaviors. 

When intensive treatment is initiated, frequent blood glucose 
testing before each meal, 1.5-2 hours after each meal, and at bed- 


TABLE 29-3. Blood Glucose Self-Monitoring 


1. Select a blood glucose meter suited to the patient’s needs, abilities, 
resources, and personal preferences. Consider the meter's: 
e. Size 
e Display 
¢ Ease of use 
e Dependence on user technique 
e Type of batteries 
e Calibration procedure 
e Cost 
e Manufacturer support and warranty 
e Accuracy 
¢ Storage capability for blood glucose results 
e Ability to interface with computer software 

2. Provide technical instruction. 

3. Monitor the patient's technical competence; i.e., observe technical per- 
formance and check patient-obtained results against laboratory results 
performed simultaneously. 

4. Specify the frequency and circumstances under which blood glucose 
monitoring is to be performed. 

5. Specify desired blood glucose targets. 

6. Educate the patient on the meaning of blood glucose results; identify 
the relationship between blood glucose levels and self-care behaviors. 

7. Specify guidelines for dealing with blood glucose levels within and 
outside the desired range. 

8. Provide feedback regularly. 


time provides a profile of fasting and pre- and postprandial glycemia 
that assists in making insulin dosage adjustments. Blood glucose 
tests at 3:00 AM several times a week assist in determining the 
appropriateness of basal insulin delivery or bedtime intermediate- 
acting insulin. Once glycemic goals have been achieved, blood glu- 
cose testing before each meal, at bedtime, and weekly at 3:00 am 
is the minimum required for safe and effective intensive diabetes 
treatment. "778 

Investigators have shown that a patient’s blood glucose records 
frequently misrepresent the number of blood glucose tests per- 
formed as well as the blood glucose levels obtained.”’** Meters 
that have the capacity to store over 100 blood glucose readings as 
well as the date and time the readings were obtained can be useful 
to facilitate reliable recordkeeping.” Memory meters can also in- 
terface with computers so that the data stored in the meter can be 
retrieved and analyzed. There are several software packages that 
will analyze parameters such as average blood glucose levels by 
time of day and day of the week, average number of blood glucose 
tests per day, and percentage of readings above, below, and within 
target ranges. Graphic representations of blood glucose readings 
can also be obtained. These glucose data management systems 
summarize blood glucose results in a way that is meaningful for 
patients, and help patients identify patterns and any progress they 
made. The statistical summaries also give heath care providers 
tangible ways to share positive feedback with the patient, and can 
assist in making changes in the treatment plan and setting and eval- 
uating glycemic goals. The use of memory meters and computer- 
assisted glucose management can also improve glycemic control.*! 

New technologies may facilitate blood glucose monitoring. 
Several meters allow for alternate-site (e.g., the forearm) capillary 
blood glucose testing, and require as little as 0.3-1.0 uL of blood. 
Glucose sensors are at various stages of development. A device 
manufactured by Minimed is currently available only to physi- 
cians, and can monitor a patient’s blood glucose readings for up to 
3 consecutive days. The device is worn much like a cardiac Holter 
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monitor. It is anticipated that the sensor used in that device will be- 
come available for patient use in the future. The sensor is com- 
posed of a microelectrode with a thin coating of glucose oxidase 
beneath several layers of a biocompatible membrane. An intro- 
ducer needle allows for subcutaneous insertion of the sensor. Glu- 
cose is converted into an electronic signal which is transmitted via 
a wire that is connected to the introducer needle. The wire is at- 
tached to a monitor about the size of a beeper which records blood 
glucose readings every 5 minutes, providing 288 glucose readings 
per day. The physician can download the stored blood glucose 
readings to the computer for analysis. 

The GlucoWatch® (Cygnus) is another sensor recently made 
available for patient use. Worn on the wrist like a watch, the sensor 
provides blood glucose readings every 20 minutes for up to 12 
hours. Alarms that warn the user when blood glucose readings go 
below preset low or high levels can be individually set. To use the 
GlucoWatch, the patient slides a thin plastic sensor onto the back of 
the watch. An extremely low-voltage electric current pulls glucose 
molecules through the skin into gel pads in the sensor. The glucose 
reacts with glucose oxidase present in the gel pads to form hydrogen 
peroxide. The biosensor detects the hydrogen peroxide, generating 
an electronic signal which is converted into the glucose reading. 

Both of these devices require at least one conventional blood 
glucose test per day for calibration. 


Prevention and Management of Hypoglycemia 


Intensive diabetes treatment designed to achieve near-normal 
glycemic control carries an increased risk for severe hypoglycemia, ' 
as well as a decrease in the signs and symptoms of hypoglycemia, 
causing so-called hypoglycemic unawareness.” This is related 
to an impaired counterregulatory hormone response to hypo- 
glycemia® and/or brain adaptation to glucose uptake at below- 
normal blood glucose levels.™® Recent antecedent hypoglycemia 
reportedly reduces autonomic and symptomatic responses to hypo- 
glycemia. There is evidence that suggests that avoiding hypo- 
glycemia restores hypoglycemic awareness in patients with 
TIDM.***° Education and surveillance are important in reducing 
the incidence and severity of hypoglycemia. Having a systematic 
approach to matching insulin to food intake and performing frequent 
blood glucose monitoring provide the foundation for implement- 
ing a treatment plan with precision, thus reducing the incidence of 
hypoglycemia. 

Education regarding the prevention and treatment of hypo- 
glycemia should include a discussion of the causes and symptoms 
of hypoglycemia. Family and friends need to be involved in learn- 
ing how to recognize hypoglycemia and how to treat it, especially 
if the patient experiences confusion, coma, or seizure. Family 
members and/or friends should know how to administer a glucagon 
injection when patients cannot ingest oral carbohydrates without 
risk of aspiration. The usual adult dose of glucagon is 0.5-1.0 mg 
injected intramuscularly. 

Treatment for mild hypoglycemia consists of 15-30 g of a 
rapidly absorbed source of carbohydrate such as juice, sugar- 
sweetened soft drinks, or commercially prepared tablets or gels. 
Patients should be instructed to have such sources of carbohydrate 
with them at all times including at the bedside, in the car, purse or 
briefcase, desk or locker, and gym bag, and during exercise and 
travel. The ingestion of carbohydrate should be repeated every 15- 
20 minutes until the blood glucose level has returned to normal 
(>70 mg/dL). 
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Patients need to identify changing symptoms of hypogl 
Instruct patients to pay close attention to how they feel whe 
glucose levels drop below 70 mg/dL. Often patients describ 
sensations of weakness, emptiness, or just feeling differen 
tients become aware of these vague symptoms, they can det 
treat hypoglycemia before becoming confused or lapsing 
coma or seizure. 

When patients exercise or deviate from their usual 1 
patients should check their blood glucose levels more o 
make sure that any adjustment they made in insulin or diet v 
propriate. Because the frequency of nocturnal hypoglyce 
often undetected, weekly blood glucose testing at 3:00 AM 
be performed to guard against hypoglycemia while the pat 
sleeping. Bedtime snacks consisting of some protein and cai 
drate may be necessary to avoid nocturnal hypoglycemia. 

All intensively treated type 1 diabetic patients should | 
vised to check their blood glucose level before operating a 
vehicle. If the patient senses hypoglycemia while driving, tt 
tient should be instructed to pull over to the side of the road 
the vehicle, treat the hypoglycemia, and resume driving only 
the blood glucose level has returned to normal. Patients shoul 
take insulin before driving without eating. When planning t 
out, insulin should be taken after arriving at the restaurant. 

Encourage patients to identify situations they are likely t 
counter that have a high probability of resulting in hypoglycem 
have resulted in hypoglycemia in the past. Typical activities su 
shopping, housework, yard work, or travel can increase the pc 
tial for hypoglycemia. Develop a plan to deal with that situatic 
hypoglycemia is avoided. If an episode of hypoglycemia occ 
assist the patient in identifying the cause of the episode and tel: 

patient what can be done differently to avoid future episodes. Ii 
vere hypoglycemia recurs, glycemic goals may need to be modif 


Educating Patients to Implement Intensive 
Diabetes Treatment 


Diabetes education is not only needed to provide information < 

training to perform skills such as insulin injections and blood g 

cose monitoring, but also to assist patients to integrate their re 

men into their lifestyle and achieve measurable treatment goz 
Health education should motivate and enable patients to chan 
their diabetes self-management behaviors in ways that will lead 

measurable improvements in glycemic control.” Although di 
betes education is an important component of treatment, "7? i 
creased knowledge alone does not necessarily result in improve 
self-management behavior or glycemic control.’*’* Education 
programs that include behavioral strategies are more likely to su 
ceed in achieving treatment goals. 

The initial education required for an intensive diabete 
treatment plan should include blood glucose monitoring, insuli 
administration, meal planning, and management of hypo- and hy 
perglycemia (see Table 29-4).’° It is neither necessary nor desirabl: 
to overwhelm patients with too much information at one time 
Focusing on key information until mastery of those concepts i: 
achieved provides patients with a firm foundation upon which t 
build more advanced problem-solving and decision-making skills. 

This initial education can be provided in a number of ways. If i 
slower, more incremental approach is desired, teaching patient: 
one concept at each outpatient visit spaced at monthly or bimonthh 
intervals enables the patient to master the skill and demonstrate ca 
pabilities.** Matching the intervention to the patient’s readiness fo 
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TABLE 29-4. Education for Intensive Diabetes Treatment 


Initial Education 
(3-4 outpatient visits and a 3-day inpatient hospital stay or 3—4 outpatient 
visits and a 3- to 7- day intensive outpatient course) 
¢ Blood glucose monitoring 
e — Insulin administration 
¢ Meal planning and system for quantifying food 
e Management of hypoglycemia and hyperglycemia 
Education and Management Post initiation 
(Biweekly visits and weekly phone calls for 1-2 months) 
° Keep food and blood glucose records 
* Identify relationship between dietary intake and blood glucose 
readings 
e Identify problem areas and revise meal plan as needed 
¢ Educate on how to deal with specific situations 
e Adjust insulin dosages as needed to achieve glycemic goals 


Ongoing Education and Follow-up 
(Monthly for 2-6 months, then every 2-3 months) 

e — Teach patient to interpret blood glucose readings 

e Teach patient to adjust insulin for deviations in dietary intake and 
activily 

* Identify problems with implementation of the treatment plan 

e — Identify strategies for dealing with obstacles that interfere with 
implementing the treatment plan 

e Adapt treatment recommendations to lifestyle situations 

e Anticipate problems and develop strategies to prevent potential 
problems from interfering with achieving treatment goals 


change increases the likelihood that a desired modification in be- 
havior will occur.”° Patients can also be taught all of the basic in- 
tensive diabetes management skills through a 3- to 7-day course 
that may be conducted on either an inpatient or outpatient basis. 

After the initial education is provided, frequent contact with 
the patient is required so the newly acquired knowledge can be re- 
inforced as patients integrate the treatment plan into their day-to- 
day lives. Phone contact is recommended at least weekly during the 
first 1-2 months of intensive diabetes treatment. Patients can fax or 
send blood glucose and dietary records to assist in identifying 
problems and solutions.” Visits biweekly for 1-2 months and then 
monthly may be necessary until the patient has mastered treatment 
techniques, integrated them into activities of daily life, and 
achieved glycemic goals. Frequent follow-up and close supervision 
have been associated with improved outcomes. 7-78: 

Once competence in the basic skills of intensive diabetes 
treatment is demonstrated, patients can be taught more advanced 
problem-solving and decision-making skills. These skills include 
interpreting blood glucose levels. adjusting insulin for deviations in 
food intake and activity level, and dealing with a variety of situa- 
tions the patient may encounter. As the patient’s lifestyle changes, 
treatment recommendations need to be modified. The emphasis is 
on anticipating insulin needs for different circumstances so blood 
glucose levels remain within the desired range. 

These skills are best taught within the context of the patient’s 
actual experiences. Adults have a problem-centered orientation to 
learning, and their readiness to learn relates to immediate applica- 
tion of information for a specific problem they are experiencing. 
Ideally, education should be integrated into every office visit so that 
problems and solutions can be identified as the problems are en- 
countered. Feedback should be provided soon after a solution 
is implemented, to determine the effectiveness of the strategy and 
to reinforce positive changes. New interventions should be based 


on an evaluation of the relative success or failure of the previous 
intervention.*° 


Strategies That Enhance Achieving Diabetes 
Treatment Goals 


Diabetes treatment is complex, and is affected by most daily activ- 
ities. Adherence to prescribed regimens has been reportedly as low 
as 12%, with diet being the most difficult component of the treat- 
ment plan to master.*'“** All too often health care providers blame 
the patient for not achieving treatment goals rather than examining 
the health care provider’s communication style or approach to 
treatment recommendations that may interfere with a patient’s im- 
plementation of self-management strategies.**** 

Characteristics of a successful approach to intensive diabetes 
treatment are listed in Tables 29-2 and 29-5. The treatment regimen 
should be as simple as possible and match the patient’s ability and 
lifestyle. The treatment plan should allow for flexibility and adapt- 
ability to the patient’s preferences; patients should have as much 
choice and as many options as possible. For example, patients can 
fit sweets such as candy bars and doughnuts into their meal plans 
and/or adjust insulin for these foods to maintain desired blood glu- 
cose levels.*”** The patient should be encouraged to identify and 
solve self-management problems, rather than told what to do in a 
paternalistic fashion.*”? 


TABLE 29-5. Strategies That Enhance Adherence to Treatment 


1. Match the diet and other aspects of the regimen to the paticnt’s cur- 
tent lifestyle. habits. and personal preferences. 

2. Design the insulin regimen to match the patient’s dietary intake. 

3. Keep the treatment plan as simple as possible. 

4. Do not overwhelm the patient with too much information at one time; 
focus on the information the patient needs to implement the treatment 
plan. 

5. Integrate cducation into every office visit; teach concepts as issues 
arise and provide information when relevant to a specific situation or 
experience. 

6. Create an environment in which the patient feels comfortable to be 
honest: 

e Allow the patient to disagree with you. 

e Respect the patients’ feelings. 

¢ Encourage the patient to express his or her own views. 

e Incorporate the patients’ views into treatment recommendations. 
e Avoid interrupting the patient. 

e — Avoid being critical or judgmental. 

¢ — Avoid an authoritative tone. 

7. Allow the patient as much choice and as many options as possible; 
allow for flexibility. 

8. Encourage the patient to be the problem solver and decision maker; 
ask questions so the patient will identify the solution. 

9. Negotiate specific and realistic goals. Establish goals that will lead to 
success. 

10. Assist the patient to change health care behaviors when the patient is 
ready: make changes one small step at a time. 

11. Provide frequent opportunities for positive feedback and encourage- 
ment. 

12. Help the patient to identify obstacles that can interfere with achieving 
treatment goals. 

13. Help the patient develop a plan to minimize obstacles to implementa- 
tion of treatment recommendations. 

14. Use contracts to define measurable and realistic goals. as well as re- 
ward contingencies. 
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Health care providers also need to create an environment in 
which the patient feels comfortable enough to be honest. Blood 
glucose and food records should be viewed as information to help 
identify and solve diabetes management problems, and should not 
be used to be critical or judgmental. It is not constructive for pa- 
tients to make emotional attachments to “bad” or “good” blood 
glucose readings. Correcting the high or low blood glucose read- 
ings is a positive way for the patient to approach blood glucose 
readings outside the desired range. 


Removing Obstacles to Adherence 

Most patients can achieve some degree of adherence if the 
treatment is acceptable, understandable, and manageable. If the pa- 
tient is not following the treatment plan, there may be a discrepancy 
between the health care provider’s expectations and those of the pa- 
tient. If the patient’s goals are different, they need to be clearly 
stated and/or renegotiated. If the patient is unhappy with the treat- 
ment plan, it should be changed based on an accurate assessment of 
the patient’s needs and abilities. If the patient does not understand 
the treatment plan or how to carry it out, the patient needs to be 
reeducated. If the patient understands the treatment plan and wants 
to implement it, identify obstacles to following the treatment plan.”! 

Obstacles to adherence to a treatment plan may be intraper- 
sonal or interpersonal, or may be related to the patient’s social 
system or the treatment itself.” Intrapersonal variables that can in- 
fluence adherence include the patient’s emotions, level of motiva- 
tion, lack of structure, financial resources, fears, values, thoughts, 
and beliefs. Interpersonal variables are those that influence the re- 
lationship between the patient and the health care provider. The pa- 
tient may not trust or understand the health care provider or may 
even be angry about something the health care provider said or did. 
Social system variables include family pressures, beliefs, and 
lifestyle practices, such as grocery shopping or timing and content 
of meals, that are controlled by other family members. Obstacles to 
adherence can be related to the treatment itself, such as potential 
for hypoglycemia or weight gain, pain caused by obtaining capil- 
lary blood glucose readings, perceived restrictions in food intake or 
timing of aspects of the regimen, or lack of flexibility to suit 
lifestyle practices. 

Once obstacles are identified, a plan to reduce those obstacles 
can be developed. The patient may need to verbalize beliefs and 
evaluate them to determine if they are logical and have importance. 
Misconceptions should be clarified. Misunderstandings between 
the patient and health care provider should be reconciled. Interper- 
sonal problems can be prevented by establishing good rapport with 
patients, listening to them and validating their ideas, engaging in 
collaborative problem solving and decision making, allowing pa- 
tients to disagree, and not blaming or criticizing patients. Involve 
family members in the educational process and clarify their mis- 
conceptions. Teaching patients how to talk to family members 
about their disease and treatment plan can also be helpful. 

Treatment obstacles can be dealt with in a number of ways, and 
health care providers may need to be creative in assisting patients 
to find ways to overcome barriers to following treatment recom- 
mendations. Patients who forget to check blood glucose levels 
could enter blood glucose testing times into their day planner, link 
testing to routine daily events, or set the alarm on their watch or 
PDA. Patients who are making too many visits to the vending ma- 
chines could leave their loose change at home. Treatment contracts 
are a tangible way to outline specific and achievable goals and then 
plan to overcome obstacles. Reinforcement contingencies specified 
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in the contract provide a way to give positive feedback, rei 
implementation of self-management strategies, and enhan 
patient’s sense of success. 


Collaboration Among Members 

of the Health Care Team 

The behavioral and educational nature of the intervei 
necessary for intensive diabetes treatment requires ongoing c 
oration among all of the members of the intensive diabetes 
ment team.°? A collaborative team is one in which each me 
of the team contributes, including the patient. Communicati 
open and ongoing, opinions are freely discussed, and mutual 
sensus is reached. Joint decision making is the hallmark of a 
laborative team. Patient satisfaction is enhanced when the pati 
views are solicited, accepted, and incorporated into health 
recommendations.** 

An example of a collaborative team model is shown in 
29-7. At the center of the team is the patient. The patient is the 
mary problem solver and decision maker regarding day-to- 
diabetes management and relies on the health care team to ady 
teach, generate options, and provide support. An experienced - 
betes nurse clinician, particularly one who can function as an 
vanced nurse practitioner, is an ideal primary health care prov) 
for the day-to-day management of the diabetes regimen.“ Once 
plan is prescribed by the physician, the nurse and the dietitian 
sist the patient to learn the components of the treatment plan < 
integrate them into existing lifestyle behaviors. The dietitian wo 
closely with the nurse to assess the patient’s dietary practices 4 
how they relate to blood glucose levels and insulin requiremer 
The nurse makes adjustments in the insulin dosage in consultati 


FIGURE 29-7. The model represents collaboration among the patient a 

health care providers in the implementation of chronic diabetes manag 

ment. The medical condition of the patient, including acute medical pro 

lems, is managed by the physician. The physician is a consultant to tl 

chronic diabetes management team and supports the team’s intervention 

Once the team identifies the treatment plan, the nurse clinician becomes tt 
primary health care provider for chronic diabetes management. The nur: 
and patient contribute equally in this therapeutic relationship. The patient : 
the primary problem solver and decision maker, and the nurse educates, ac 
vises, provides support, and helps identify problems and generate option 
for solving self-management problems. The dietitian and mental health pro 
fessional are consulted as needed and are integrated into the ongoing follow 
up of the patient. Communication is equal and ongoing among all tean 
members. and decisions are made jointly. 
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with the physician or independently under physician protocol. 
Acute medical problems are referred to the physician, who also 
monitors any physical abnormalities, medications, and abnormal 
laboratory findings. Referrals to the mental health professional are 
made for psychosocial problems that interfere with diabetes self- 
management. Every team member contributes to the ongoing care 
of the patient, and education is integrated into each office visit. 


SUMMARY 


Intensive diabetes treatment strategies are necessary to achieve 
near normoglycemia and prevent or delay the long-term complica- 
tions of diabetes. Intensive diabetes treatment strategies include 
multiple daily insulin injections or an insulin pump, frequent blood 
glucose monitoring, a systematic approach to quantifying food in- 
take, matching insulin to food intake, and education that enables 
patients to change aspects of the regimen for varying circum- 
stances. Intensive diabetes treatment is flexible and adaptable, and 
encourages the patient to be the problem solver and decision maker. 
Frequent feedback, ongoing education with an emphasis on be- 
havioral interventions, and opportunities for self-monitoring and 
evaluation of goal achievement are important components of an in- 
tensive diabetes treatment approach. A team approach that incorpo- 
rates ongoing input from nursing, nutrition, and counseling, as well 
as medicine, is essential to achieve measurable improvements in 
glycemic control. Health care providers need to inform their pa- 
tients about the influence of glycemic control on the development 
and progression of diabetes complications, and to encourage and 
support every patient’s efforts at implementing an intensive dia- 
betes treatment plan. 
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CHAPTER 30 


Insulin Treatment of Type 2 Diabetes Mellitus 


David M. Nathan 


INTRODUCTION 


The classification of diabetes mellitus into insulin-dependent or 
type I and non-insulin-dependent or type II diabetes mellitus, and 
other types, by the National Diabetes Data Group and the World 
Health Organization more than two decades ago provided a working 
model of different phenotypes of diabetes.'* The division of the dia- 
betic population into IDDM and NIDDM was based on differences 
in their clinical characteristics, natural history, and presumed patho- 
genesis. The absolute dependence of IDDM patients on insulin ther- 
apy for survival was connoted by the “insulin-dependent” classifica- 
tion. Unfortunately, many clinicians continued to confuse insulin- 
treatment with insulin-dependence, and patients who clearly had 
phenotypic NIDDM, but who were treated with insulin, were often 
inaccurately described in medical records as having IDDM. 

The most recent iteration of the nosologic classification of dia- 
betes by the Expert Committee convened by the American Diabetes 
Association (ADA) added genotypic information to the classifica- 
tion of diabetes and refined the diagnostic plasma glucose criteria 
for diabetes, lowering the fasting plasma glucose threshold from 140 
to 126 mg/dL.” In addition, and in part to decrease the misclassifica- 
tion of patients using the old nomenclature, non-insulin-dependent 
diabetes mellitus was to be called type 2 diabetes (T2DM). 

This chapter focuses on the insulin treatment of patients with 
T2DM. The population of insulin-treated T2DM patients in the U.S. 
is currently two to three times larger in number than the type | dia- 
betic population and is growing at a rapid rate.* The worldwide pop- 
ulation of T2DM, already pandemic in nature, is projected to reach 
300 million in the next 20 years.” Although there have been numer- 
ous reviews of insulin therapy of type 1 diabetes,°~'° relatively few 
major reviews of insulin therapy of T2DM have appeared.!':'? In this 
chapter, I review the magnitude of the problem, the pathophysiology 
of T2DM as it relates to insulin treatment, the goals of therapy in- 
cluding the role of intensive therapy, the relative attributes of insulin 
therapy compared with other available treatments, the spectrum of 
insulin regimens and new insulins that have been tested and their rel- 
ative advantages and disadvantages, the use of combination therapy, 
and criteria for selecting T2DM patients for insulin therapy. The 
treatment of T2DM patients who require insulin transiently, such as 
during perioperative or other stress, is not discussed in this chapter. 


BACKGROUND: THE SCOPE OF THE PROBLEM 


The identification of T2DM as a specific nosologic entity by the 
National Diabetes Data Group (NDDG) and WHO was long over- 
due. Despite the remarkable increase in prevalence of T2DM in the 


twentieth century, it remained an underrecognized and underdiag 

nosed disease. The failure of patients to recognize and of clinician 

to diagnose T2DM was and continues to be predicated on its subtl 

clinical presentation compared with type ! diabetes. [Based on th 

relatively frequent appearance of long-term complications i 

“newly diagnosed” T2DM patients, it has been estimated that dia 
betes has been present for 4-7 years, on average, before it is diag 
nosed.'*] T2DM was probably relatively uncommon prior to the 
extension of life span and the increased obesity and sedentary 
lifestyle that have accompanied widespread industrialization in the 
latter part of the twentieth century.'* The vast majority of descrip- 
tions of diabetes mellitus in the older medical literature are of type 
l diabetes, not T2DM. The historic slight against type 2 diabetes 
persists; even though T2DM represents as much as 90% of all dia- 
betes mellitus, it remains “type 2” diabetes. 

The spread of T2DM is reaching pandemic proportions. It cur- 
rently affects 7% of the adult population in the United States, in- 
cluding 12% of the adult population older than 45 and almost 20% 
of those older than 65.°'° The prevalence of T2DM is similar in 
Europe as in the United States. In developing countries in Asia and 
Africa, where T2DM has historically been relatively rare, the shift 
to more industrial economies with sedentary lifestyles and west- 
ernized diets has resulted in a startling increase in T2DM.*""* 

Currently, at least 2 million T2DM patients in the United 
States are treated with insulin, compared with an estimated 
600,000 to 1.2 million patients with TIDM‘ (Fig. 30-1). This rep- 
resents approximately 30% of patients with diagnosed T2DM. The 
increasing size of the T2DM population, the disappointing long- 
term results with diet therapy'©!* (the first choice in treating the 
majority of T2DM patients who are obese), and the relatively high 
primary and secondary failure rates of sulfonylurea and metformin 
therapy, which are the mainstay oral hypoglycemic agents, °="? 
strongly suggest that the fraction of the T2DM population and the 
total number of T2DM patients treated with insulin will increase. 


PATHOPHYSIOLOGY OF T2DM: 
IMPLICATIONS FOR THERAPY 


The pathogenesis of T2DM is multifactorial and includes decreased 
sensitivity to insulin action (insulin resistance) secondary to obesity 
and genetic factors, and decreased insulin secretion.”'~** While in- 
sulin resistance may be the inherited defect that accompanies most 
cases of impaired glucose tolerance, progressive worsening of glu- 
cose tolerance with the development of fasting hyperglycemia and 
T2DM is usually preceded by decreased insulin secretion.” Fast- 
ing hyperglycemia is primarily a consequence of increased hepatic 
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FIGURE 30-1. Prevalence of different types of diabetes mellitus. 


glucose output in the setting of relatively low insulin levels. Several 
studies have suggested that the impaired ability to increase insulin 
secretion in the face of increasing insulin resistance is also a herita- 
ble feature of T2DM.”*”* In addition to the decrease in insulin se- 
cretion that accompanies T2DM, the early stages of glucose intoler- 
ance are accompanied by a relatively increased secretion of 
proinsulin, which has less bioactivity than insulin.” Finally, the de- 
velopment of hyperglycemia further compromises insulin secretion 
and increases resistance Fig. 30-2). This effect of hyperglycemia, 
termed glucotoxicity, is at least partially reversible if basal 
glycemia is restored to normal. The beneficial effect of achieving 
normoglycemia in T2DM (lower glycemia begets further improve- 
ment in glycemia with restored endogenous insulin secretion) has 
been demonstrated with diet, sulfonylurea, and insulin therapy." ° 

The implications of these studies with regard to therapy are the 
following: 


1. By the time that T2DM is established, insulin secretion is rela- 
tively decreased. In some T2DM patients, the absolute level of 
insulin secretion may be very low. Insulin secretion as measured 
by basal and stimulated C-peptide levels often overlaps the lev- 
els seen early in the course of type 1 diabetes.*!"” 

2. With longer duration, metabolic control worsens with higher 
glycemic levels. This is largely attributable to progressive dete- 
rioration in insulin secretion." 

3. Residual insulin secretion in T2DM, at least early in its course, 
provides a degree of stability to glucose levels not present in 


FIGURE 30-2. Pathophysiology of type 2 diabetes mellitus. 
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type | diabetes. Insulin regimens need not be as complex in the 
treatment of T2DM as in the treatment of type | diabetes. 

4. Although T2DM patients may have severely impaired insulin 
secretion, they rarely become ketotic. There have been several 
populations identified, including an African-American popula- 
tion in Flatbush, Brooklyn,” and a subset of T2DM patients in 
Scandinavia,” that appear to be more vulnerable to the devel- 
opment of ketoacidosis. Whether some of these “T2DM” pa- 
tients, especially in Scandinavia where the prevalence of type | 
diabetes is relatively high, are actually misdiagnosed is unclear. 
In any case, T2DM patients who are thin and/or ketonuric 
should probably be treated as if they have type | diabetes. 

5. Correction of fasting hyperglycemia by any means has been 
demonstrated to result in improved insulin secretion and a 
modest improvement in resistance. Therapy with insulin early 
in the course of T2DM may result in remission for as long as 
several years with no need for hypoglycemic drugs and normal 
glycemia.” 

6. Ideally, suppression of increased overnight hepatic glucose 
output should normalize fasting blood glucose and improve en- 
dogenous insulin secretion in response to meals during the day. 
This effect is presumably mediated by ameliorating the toxic 
effects of hyperglycemia on the islets. 

7. Insulin given in the morning will cover postprandial glucose 
excursions but may further suppress endogenous insulin secre- 
tion during the day. 


METABOLIC GOALS OF THERAPY 


The Diabetes Control and Complications Trial (DCCT) conclu- 
sively established blood glucose goals for type | diabetes.” 
Whether similar goals are appropriate for T2DM and the means to 
achieve those goals have been vigorously debated.” The similar 
clinical characteristics of the microvascular and neurologic com- 
plications in type 1 and type 2 diabetes, and the similar relation- 
ship between the occurrence of long-term complications and level 
of glycemia demonstrated in epidemiologic studies of type | and 
type 2 diabetes, support a similar benefit in T2DM as demon- 
strated in the DCCT.*'*? Two recent clinical trials that have exam- 
ined the effectiveness of glycemic control in preventing or amelio- 
rating long-term complications in T2DM have provided definitive 
support for therapies aimed at normalizing glycemia in T2DM.'**3 
The Kumamoto study“? examined intensive therapy only with 
insulin, while the United Kingdom Prospective Diabetes Study 
(UKPDS) tried to establish whether any specific hypoglycemic 
therapy was advantageous by randomly assigning T2DM patients 
with relatively recent-onset disease to either sulfonylurea, met- 
formin, or insulin therapy. The UKPDS tried to resolve the uncer- 
tainty left by the earlier University Group Diabetes Program 
(UGDP). which had similar goals.” The UGDP, conducted be- 
tween 1960 and 1969, did not demonstrate a benefit of intensive 
therapy; moreover, treatment with sulfonylurea or phenformin was 
associated with excess cardiovascular mortality compared with the 
insulin-treated and diet-treated groups. 

The UKPDS, completed almost 40 years after the UGDP, com- 
pared an “active” treatment policy with either sulfonylurea or in- 
sulin (or metformin in the obese subjects) with a dietary policy. Over 
10-12 years of average follow-up, the active policy, which decreased 
HbA,, by approximately 1% compared with the dietary policy, was 
associated with a 12% decreased risk for aggregate diabetes compli- 
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cations. The major effect was mediated through a 25% decrease in 
microvascular complications. In the Kumamoto study, relatively thin 
Japanese T2DM patients were treated either intensively or conven- 
tionally with insulin. The separation in HbA. was similar to that 
achieved in the DCCT, and the magnitude of the reduction in 
retinopathy and nephropathy also paralleled that seen in the DCCT.** 

In the aggregate, these studies support the use of intensive 
therapy, with the goal of achieving near-normal glucose levels, in 
T2DM. The UKPDS did not definitively establish whether any 
specific treatment modality was superior, owing to the use of a 
stepped intervention strategy, which resulted in substantial therapy 
crossovers.” Of note, the UKPDS demonstrated a seemingly inex- 
orable worsening of metabolic control over time, which required 
the progressive addition of more hypoglycemic agents. Although 
patients should theoretically always respond to increasing doses of 
insulin, UKPDS physicians and patients were apparently reluctant 
to increase insulin to the doses necessary to maintain normal glu- 
cose levels. 


COMPARISON OF INSULIN WITH OTHER 
AVAILABLE THERAPIES FOR T2DM 


Efficacy 


Short-term randomized studies of glycemic response to insulin ver- 
sus sulfonylurea,“ including one that was double-blind,” have 
demonstrated only modest differences in glycemic control in the 
first weeks to months of therapy. The vast majority of studies that 
have examined and compared the metabolic benefits of diet, sul- 
fonylurea, and insulin therapy have been short-term studies; longer- 
term controlled trials are few in number. Although the longest-term 
observational studies!” and controlled clinical trials, including the 
UGDP,“ the Kumamoto study,*? and the UKPDS,"® are 6-12 years 
in duration, they are relatively brief for a chronic disease such as 
T2DM. In concert, these studies demonstrate very limited long- 
term efficacy of diet therapy. The majority of the benefit with regard 
to weight loss and lowering of glycemia commonly noted in the first 
year is lost within 2-3 years with weight regain. In the UKPDS 
more than 50% of the patients with recent-onset T2DM assigned to 
diet therapy required subsequent reassignment to pharmacologic 
therapy in order to maintain even a modicum of glycemic control.'* 

Similarly, the lowering of glycemic levels with sulfonylureas 
or biguanides is transient, with as many as 50% of sulfonylurea- 
treated patients failing therapy, either in the first 3 months of ther- 
apy (primary failure) or after a salutary initial response (secondary 
failure).'??° Results with either sulfonylurea or biguanides are re- 
markably similar. In the UGDP and UKPDS, glycemic levels were 
lowered from baseline for the first several years of therapy, but 
drifted back to baseline by years 3-5 of therapy.'*“ In the 
UKPDS, worsening metabolic control in patients originally as- 
signed to sulfonylurea or metformin occurred despite the addition 
or substitution of alternative therapies in as much as 30% of the pa- 
tients originally assigned to the oral hypoglycemics as glycemic 
levels rose over time.'* There are no comparable long-term data 
available with thiazolidinediones or the glitinides. 

In contrast to sulfonylureas, biguanides, and thiazolidine- 
diones, insulin has no upper dose limit and can be adjusted over 
time to achieve normal or near-normal glycemic levels. This attrib- 
ute of insulin therapy has been demonstrated to provide lower lev- 
els of glycemia in oral agent failures’ or when intensive insulin 
therapy was compared with a conventional insulin regimen in the 
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UGDP,* Kumamoto,” or Veterans Administration Coo 
Study of Diabetes Mellitus (VACSDM).™ The dose of ins 
quired to achieve this benefit depends to a great extent on 
gree of insulin resistance (or level of obesity as a surrogat 
ent. In most studies of typically obese patients with 
relatively large doses ranging from 50-200 units per day ( 
>0.65 U/kg) are required to achieve near-normal glycemia 
30-1) Insulin doses had to be raised progressively from aj 
mately 25 U/d at baseline to 90 U/d by 2 years in order to m 
stable glycemia in the VACSDM.°2 

Interestingly, the UKPDS, the longest-term study of di 
therapy, failed to demonstrate substantially lower glycemia w 
sulin therapy compared with the oral agents. Moreover, HbA 
els rose over time in the group assigned to doses therapy desp 
investigators’ intent to raise insulin doses to control glycemia 
note, the progressive addition of alternative therapies, includi 
sulin, for the patients originally assigned to oral agents, and tł 
parent reluctance of the UKPDS clinicians and/or patients to 
insulin doses, may explain these findings. In the UKPDS, thi 
dian insulin doses rose only modestly, from 22 U at 3 years to 
at 6 years, 34 U at 9 years, and 36 U at 12 years. The very obes 
tients (BMI >35 kg/m?) were also treated with modest doses ¢ 
sulin, with median doses of 36 U at 3 years and 60 U at 12 y 
These doses are substantially lower than the doses usually requ 
to achieve near-normal glycemia in most studies (Table 30-1). 


Other Effects and Adverse Events 


A comparison of diet, sulfonylureas, biguanides, and insulin \ 
regard to effects other than glucose control is shown in Table 31 
Diet therapy has the best benefit risk ratio, with weight loss res 
ing in improved lipid levels, blood pressure, and other cardiovas 
lar risk factors. Sulfonylureas and insulin share several metabc 
benefits other than glycemic control, such as a reduction in f 
fatty acid levels. Insulin raises HDL cholesterol more than sulfo1 
lurea therapy.*”? The frequency of severe hypoglycemia, defir. 
in the DCCT as any episode requiring assistance, is generally lo 
however, modest weight gain (2-5 kg) is relatively common w 
insulin or sulfonylurea therapy (Table 30-1). Hypoglycemia asso 
ated with sulfonylurea use can be more prolonged and dangero 
than the usually self-limited hypoglycemia seen with insulin. F 
nally, drug-specific complications occur. 

Metformin, a relatively old drug that was developed in 19€ 
but did not become available in the U.S. until 1995, provides se: 
eral interesting benefits. When used as sole therapy, it has potenc 
similar to that of sulfonylureas, but does not appear to promot 
weight gain or cause hypoglycemia. The gastrointestinal side el 
fects of bloating and diarrhea that are seen with higher doses an 
rapid escalation of the dose are usually transient and can be largel: 
eliminated if doses are titrated slowly. The risk of lactic acidosi: 
with metformin is almost nil if patients with decreased renal func: 
tion, liver disease, severe congestive heart failure, and binge alco- 
hol drinking are excluded from treatment. 

The thiazolidinediones are relatively new oral hypoglycemic 
agents that appear to act by binding to peroxisome proliferator ac- 
tivated receptor a (PPARa) receptors and reducing insulin resis- 
tance.™ They are relatively weak hypoglycemic agents when used 
alone, but are more efficacious when used in combination with 
other hypoglycemic medications, including insulin.*°° Owing 
to rare but severe idiosyncratic liver toxicity, the first approved 
thiazolidinedione, troglitazone, had to be withdrawn from the U.S. 
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TABLE 30-1. Insulin Treatment Regimens to Achieve Normoglycemia in Patients with Type 2 Diabetes 


Glycemia Achieved Adverse Events* 
Duration Subjects Dose (HbA,, or HbA,/ (Wt. gain in kg/ 
(Mo) (#) Regimen* (U/kg) upper limit of normal) severe hypoglycemia) Reference 

9 15 AM NPH 0.66 7.1/6.4 3.8/0 50 
4 12 Bedtime NPH 0.86 7.2/6.7 2.4/0 63 
120 911 AM UL or NPH? 0.42 7.1/6.2 6/2.3¢ 18 
6 21 BID NPH 0.63 9.5/7.4 4.7/0 73 
4 10 BID NPH/REG 0.65 10.6/7.8 4.2/0 70 
2 10 BID NPH/REG NA 5.7/5.0 NA/O 69 
6 14 BID NPH/REG 0.98 5.1/NA 8.7/0 68 
3 29 BID NPH/REG 0.53 7.9/6.0 1.8/NA 62 
6 34 BID 70:30 0.58 8.2/6.2 4.0/0 80 
3 30 NPH + TID REG 0.55 8.0/6.0 2.9/NA 62 
2 10 NPH + TID REG NA 5.6/5.0 NA/O 69 
27 75 1-3 Injections’ NA 7.2/6.1 NA/3.0 52 
21 TID REG 0.55 9.7/7.0 3.3/0 73 
4 10 CSII 0.58 9.2/7.8 4.5/0 70 
1 12 CSII 0.8! NA NA 71 
1 12 CSI 0.61 NA NA 36 
12 5I IP Insulin by implantable pump NA 7.1/6.1 NA/1.0 74 
24 3 IV Insulin by implantable pump 0.75 6.2/6.3 9/0 73 


* Ux, Ultralente insulin; REG, CZI insulin: NPH, neutral protamine Hagedorn insulin; CSI, continuous subcutaneous insulin infusion: NA, information not available. 
* Defined as hypoglycemia requiring assistance for treatment and including coma, scizures, and/or treatment with glucagon or IV dextrose (cpisodes/100 pt-yr). 
t Daily UL or NPH (+ regular if premcal BG >126 mg/dL). “Major” hypoglycemia in 2.3% of puticnts. 


$ Stepwise therapy with cvening intermediate- or long-acting insulin proceeding to insulin plus to sulfonylurea. to twice per day intermediate-acting insulin, and finally to multiple 
(23) daily injections. 


TABLE 30-2. Comparison of Therapies for Type 2 Diabetes Currently Available 
in the United States When Used as Monotherapy 


Glycosidase 
Diet Sulfonylurea Biguanides Inhibitors Thiazolidinediones Insulin 


Metabolic Effects 


Improves resistance + + ++ + +++ ++ 
Secretion + ++ + + + 4 
Overnight HGO + + ++ + + $ 
Postprandial + ++ + ++ + ++ 
excursions 
Glycosylated + ++ ++ + + +++ 
hemoglobin 
Lowers FFA + + + + + ++ 
Weight gain - + - + + ++ 
Hypoglycemia - + - = = +4 
Allergic = + + - + me 
phenonema 
Other Side 
Effects 
Antabuse effect 7 +* — - - = 
Hyponatremia = +* - - = <= 
Lactic acidosis* a = + - = = 
Gastrointestinal - - + ++ = = 


Hepatic =. = = = +t T 
dysfunction 

* Very uncommon with second-generation sulfonylureas such as glyburide and glipizide. Most common with chlorpropamide. 

* Very rare with metformin (<3/100,000 treated patients). 


* Severe idiosyncratic liver failure in approximately 1/35,000-50.000 patients treated with troglitazone (discontinued in March, 
2000). Rosiglitazone and pioglitazone thought to be less likely to cause hepatic dysfunction. 
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market. Pioglitazone and rosiglitazone do not appear to suffer from 
the same problem, although fluid retention can be problematic. 
The glitinides are nonsulfonylurea insulin secretagogues that 
have been introduced recently.’ With a shorter half-life than the 
sulfonylureas, they are probably less likely to cause hypoglycemia 
than sulfonylureas, but need to be administered before each meal. 


INSULIN THERAPY 


Doses 


As noted above, the dose of insulin required to normalize glycemia 
in T2DM is often more than 60 U/d. More obese, insulin-resistant 
patients invariably need more insulin. When calculated on the basis 
of body mass, most studies have required 0.6-1.0 U/kg. In general, 
insulin treatment is started with conservative doses with empiric ad- 
justment based on glucose levels. Formulaic approaches to select- 
ing an initial dose of insulin have been suggested, with some based 
on overnight insulin infusions.'*°* Since most T2DM patients are 
insulin-resistant, they can usually tolerate fairly high initial doses 
of insulin without hypoglycemia. On the other hand, hyper- 
glycemia is very diet-responsive in T2DM, and if patients initiate 
their dietary efforts concurrently with beginning insulin use, they 
can develop hypoglycemia with relatively small doses. For the rea- 
sons above, suggest beginning with 10-15 U of intermediate-acting 
insulin, at bed or before breakfast. Alternatively, a very long-acting 
insulin, such as Ultralente or glorcine, can be initiated in the 
evening. Adjustments can be made relatively quickly, guided by 
self-monitoring of blood glucose results. 

As noted in Table 30-1, many studies attempting to normalize 
glycemia in T2DM have required large doses of insulin. However, 
when calculated on the basis of units per kilogram, these doses are 
only modestly higher than the range of doses used in the DCCT to 
treat adult T! DM intensively (0.66-0.73 U/kg). The largest doses 
are generally required in the most obese, most resistant T2DM pa- 
tients. Insulin requirements in the Pima Indians, whose body mass 
index—-a measure of weight divided by height squared—exceeds 
40, are often more than 150 units per day. Similarly high insulin re- 
quirements may be seen in very overweight patients of other racial 
groups. Many physicians remain uncomfortable using the high 
doses necessary to control glycemia in the near-normal range. 

Various rules of thumb have been proposed to guide clinicians 
in deciding the rate at which to advance insulin doses. With the 
widespread availability of self-monitoring, which should be imple- 
mented in all insulin-treated patients, such rules have been made 
relatively obsolete. The results of insulin adjustments can be moni- 
tored by the patient and the rate and magnitude of further adjust- 
ments determined on the basis of self-monitoring. The decision 
when to split insulin trom a single daily dose to two or more doses 
can also be guided by the results of self-monitoring. For those pa- 
tients who cannot master self-monitoring, the relative stability of 
glycemia in T2DM makes possible monitoring of glycemia by vis- 
iting nurses or in the office setting to guide adjustment of doses. 
Timed glucose levels, fasting and/or before dinner, are most useful. 


Regimens 


Although many insulin treatment regimens have been tried (Table 
30-3), most studies achieving glycemic control in the near-normal 
range, albeit for relatively brief periods of time, have done so with 
one or two daily insulin injections (Table 30-1). The UKPDS, 
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TABLE 30-3. Insulin Regimens for Type 2 Diabetes 


Moming intermediate* 

Bedtime intermediate or very long-acting 

Morning intermediate + rapid’ 

Moming intermediate + rapid? with bedtime intermediate 

Morning and predinner intermediate and rapid? 

Dinner and or morning long-acting (Ultralente) with rapid 

Morning and bedtime intermediate and prebreakfast and predinner ri 
(multiple daily injection—MDI) 

Evening Ultralente with premeal rapid (MDI) 

Continuous subcutaneous insulin infusion with an external pump (CS 

Premeal inhaled insulin with bedtime intermediate 

Bedtime intermediate with morning sulfonylurea, or daily metformin 
thiazolidinedione, or a-glycosidase inhibitor (combination therapy 

* Intermediate-acting: NPH or Lente. 

' Rapid-acting: CZI (regular) or lispro (very-rapid acting). 

+ May be administered as premixed (e.g., 70:30 NPH/regular insulin). 


which failed to maintain stable glycemia with its intensive ı 
men, perhaps owing to inadequate dosing, used a regimen base 
a once-per-day Ultralente™ or NPH insulin supplemented ' 
regular insulin as needed,'* The VACSDM employed increasit 
complex regimens based on glycemia.~” In order to maintain st: 
glycemia over a 30-month follow-up, 64% of the subjects were 
vanced to two or three daily injections of insulin by study’s € 
Whether single injections of intermediate- or long-acting insuli 
larger doses will perform as well as split doses has not been a 
quately studied, but is unlikely. 

There are surprisingly few data available on the best timing 
the injection. Conventionally, insulin therapy is initiated w 
moming intermediate-acting insulin, with or without rapid-acti 
insulin. Predinner intermediate-acting insulin, again with or wi 
out rapid-acting insulin, or prebedtime intermediate-acting insu 
can be added as needed. As with intensive therapy in type 1 d 
betes, the choice of doses of rapid-acting (CZI), or very-rapi 
acting (lispro or aspart), insulin before meals is dictated by the 1 
sults of self-monitoring of blood glucose. However, since blos 
glucose levels in T2DM are much less labile than in type | di 
betes, probably mediated by endogenous insulin secretion, fr 
quent adjustment of insulin is less necessary. 

The use of nocturnal insulin has been championed®-* on tk 
basis of its ability to suppress overnight glucose output and not it 
hibit endogenous secretion in response to meals; however, there ar 
few studies to recommend it over the more conventional momin 
regimens.°? Nevertheless, it is reasonable to initiate insulin therap 
with intermediate-acting insulin at bedtime, adjusting the dos: 
until fasting blood glucose levels are in the therapeutic range. Thi 
strategy can normalize fasting glucose levels and HbA,, levels.®’ I 
blood glucose levels during the day remain elevated, moming 
intermediate-acting insulin, with or without rapid- or very-rapid. 
acting insulin, can be added. Premixed insulins such as 70:30 o1 
50:50 mixtures of NPH and rapid-acting or 75:25 mixtures of 
NPH and very-rapid-acting insulins are available. These mixtures 
are relatively stable, preserving the individual time action profiles 
of the components, and can be used in T2DM where day-to-day in- 
sulin doses remain relatively stable. 

The use of long-acting insulin has also been espoused as 
a means of supplementing basal indogenous insulin without 
exogenous peaks which might suppress endogenous secretion.™ 
Unfortunately, “peakless” beef-pork Ultralente insulin is no longer 
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available, and human Ultralente insulin has different absorption 
characteristics that may be problematic.® In addition, the relatively 
long half-life of Ultralente insulin is undesirable when dietary in- 
take is suddenly decreased, for example with hospitalization, when 
rapid changes in insulin treatment may be required. The UKPDS 
used human Ultralente insulin.'* A new insulin analog, glargine, 
has similar performance characteristics as the old beef-pork Ultra- 
lente insulin, with a long half-life and no apparent peak. In clini- 
cal trials, it has had little benefit compared with once- or twice- 
per-day NPH.®” 

Other more complicated regimens including continuous subcu- 
taneous insulin infusion (CSII) with an external pump have been 
used.?®??68-7!1 Whether they are ever necessary or advantageous 
compared with less complex regimens is unknown. A crossover 
study between premeal rapid-acting insulin and twice-per-day (be- 
fore breakfast and dinner) intermediate-acting insulin revealed 
no significant benefit of the more frequent injection regimen.” 
Implantable insulin pumps delivering insulin either intravenously 
at a single rate”? or by the intraperitoneal route with multiple basal 
rates and premeal boluses” have been used to treat patients with 
T2DM. The glycemic control was in the near-normal range in these 
studies, and noteworthy for the relatively low incidence of hypo- 
glycemia. This latter finding has been typical for intensive insulin 
treatment in T2DM (Table 30-1) regardless of mode of therapy, in 
contrast to intensive regimens in type | diabetes, which are accom- 
panied by a relatively high risk of hypoglycemia (60-100 episodes/ 
100 patient-years).*”’° Finally, pulmonary delivery of aerosolized 
insulin before each meal has been used in type 2 diabetes in con- 
junction with an evening injection of intermediate-acting insulin.” 
The metabolic goals of this “proof of principle” study were mod- 
est. Whether long-term therapy with inhaled insulin can achieve 
and maintain near normoglycemia, and whether such therapy is 
safe, is unknown.” 

Intermittent, or short-term, intensive insulin therapy has been 
tested in clinical studies.” The rationale behind this approach 
is to lower glycemia to the normal range and, by eliminating gluco- 
toxicity, improve endogenous insulin secretion and decrease in- 
sulin resistance. After days to weeks of such therapy, insulin treat- 
ment is withdrawn. Glucose levels have been maintained at a 
near-normal range for as long as 2-3 years. These remissions have 
been demonstrated most reliably in relatively new onset T2DM. 


COMBINATION THERAPY 


Insulin has been used in combination with virtually every other 
therapeutic modality. Conventionally, diet and exercise recommen- 
dations accompany insulin therapy. In addition, combination ther- 
apy with sulfonylurea (Bedtime Insulin Daytime Sulfonylurea) has 
also been espoused.”*-*° The rationale behind combination therapy 
is that nocturnal insulin therapy suppresses overnight glycemia and 
morning short-acting sulfonylurea stimulates endogenous insulin. 
The only potential benefit of combining insulin and sulfonylurea, 
which is more expensive than using insulin alone, is a modest re- 
duction in insulin doses required to achieve a similar level of 
glycemia.” The modest (and lack of additive) effects of combined 
insulin and sulfonylurea are not surprising since they work by sim- 
ilar mechanisms, i.e. providing increased insulin. I do not favor the 
use of this two-drug regimen, where compliance may be lower, 
drug interactions more likely, and expense greater, when insulin 
alone in adequate doses is effective. 


Other combination regimens, using drugs with different pri- 
mary mechanisms of action than insulin, such as metformin or thi- 
azolidinediones, have been examined. Most studies have not pro- 
vided for aggressive adjustment of insulin in the insulin-only arm; 
thus, whether any benefits that occur when oral agents are added 
are unique to combination therapy, or whether similar results might 
be obtained merely by adjusting insulin, has not been conclusively 
established. The glycosidase inhibitor acarbose will lower HbA,, 
levels achieved with insulin alone by 0.5%.*' The thiazolidine- 
diones (with most data available using the troglitazone, which is no 
longer available) can lower HbA,, when added to insulin or main- 
tain HbA. with lower doses of insulin.*° Only rarely does thiazo- 
lidinedione therapy allow insulin-treated patients to stop their in- 
sulin therapy. The use of metformin with insulin has also been 
investigated. Although HbA, levels are only modestly lower with 
additional metformin, weight gain is less with this combination 
therapy.*” Whether the added expense, need for additional monitor- 
ing of renal and hepatic function (for metformin and thiazolidine- 
diones), the potential for added toxicity and drug interactions, and 
decreased compliance associated with combination therapy are 
merited by the modest improvements in HbA,,, and limited weight 
gain (with metformin) is not clear. 


HOW TO SELECT T2DM PATIENTS 
FOR INSULIN THERAPY 


As noted above, patients who have evidence of severe insulin de- 
ficiency and a catabolic state on the basis of ketonuria, profound 
weight loss, or dehydration, or who are thin, should be treated as 
if they have TIDM (Table 30-4). This will protect such patients 
from more profound metabolic decompensation if, in fact, they 
have type | diabetes, and will rapidly restore all of them to a safe 
metabolic state. Although criteria based on fasting and stimulated 
C-peptide levels have been proposed to help identify such pa- 
tients, the majority of them can be identified on the basis of the 
clinical criteria listed above. In addition, patients who are sympto- 
matic from hyperglycemia and have not responded initially, or 
have failed to respond after preliminary success with diet and/or 
sulfonylurea or metformin, should be treated with insulin. Finally, 
patients with very elevated triglyceride levels who are at risk for 
pancreatitis should be treated with insulin and diet, rather than 
with an oral hypoglycemic agent, as the most effective way to rap- 
idly lower the abnormal lipid levels. 

The implications of the UKPDS'® and Kumamoto™ studies 
are that insulin should be started in T2DM patients whose level of 
glycemia is not in the near-normal range with diet and/or oral 
agents, regardless of the presence of symptoms. In the past, clini- 


TABLE 30-4. Indications for Insulin Therapy in Type 2 
Diabetes Mellitus 


Presence of ketonuria in unstressed state 

Nonobese with persistently elevated glucose levels 

Uncontrolled weight loss and hyperglycemia 

Dehydration secondary to glycosuria and unresponsive to diet and/or oral 
agents 

Severe hypertriglyceridemia 

Diet or oral agent failure with or without symptomatic hyperglycemia 

Hyperglycemia with aim of obtaining near-normal glycemia and/or 
inducing remission 
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cians have generally implemented stepped intervention of T2DM in 
a relatively unaggressive fashion, reserving insulin as a last resort, 
and often after patients had diabetes for many years and had estab- 
lished complications. The now demonstrated beneficial effects of 
tight control of T2DM and the recognition that dietary and oral 
agent interventions are, in many cases, temporizing at best, with 
progressive worsening of metabolic control over time, suggest that 
insulin treatment should be implemented earlier and aggressively in 
the course of T2DM. Moreover, reports of “remissions” of T2DM 
with early and intensive insulin therapy suggest that insulin should 
be considered as an early, rather than an end-stage, treatment.” 


CONCLUSIONS 


Insulin is the most efficacious pharmacologic treatment for patients 
with diabetes. The long-awaited approval of metformin in the 
United States, and the introduction of new agents, such as the gly- 
cosidase inhibitors and the thiazolidinediones, are unlikely to de- 
crease the need for insulin in many of the T2DM population, which 
is rapidly becoming the most common chronic disease in the 
world. Insulin is ultimately a more powerful drug than any of the 
other available treatments for T2DM, as well as the only naturally 
occurring substance used to treat it, and until the high failure rate 
with diet and oral agents can be abrogated, its frequent use is all but 
assured. 

The anticipated benefits of achieving normoglycemia in 
T2DM, as in T!DM, should stimulate health care providers and pa- 
tients alike to use the therapy that provides glycemic control as 
close to the nondiabetic range as safely possible. When dietary ef- 
forts fail, insulin may well be considered the most likely therapy to 
achieve and maintain those levels of glycemia that are likely to pre- 
vent and/or delay long-term complications. Although the best regi- 
men for insulin use in T2DM has yet to be firmly established, a 
large number of permutations have been investigated. Insulin ther- 
apy, with adequate doses and in concert with careful attention to re- 
ducing all cardiovascular risk factors, should remain a mainstay of 
T2DM therapy. 
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CHAPTER 31 


Hypoglycemia in Type 1 Diabetes Mellitus: The Interplay of 
Insulin Excess and Compromised Glucose Counterregulation 


Philip E. Cryer 
John E. Gerich 


SUMMARY 


Iatrogenic hypoglycemia is the limiting factor in the glycemic 
management of diabetes. It is the result of the interplay of therapeu- 
tic insulin excess and compromised glucose counterregulation—the 
clinical syndromes of defective glucose counterregulation and 
hypoglycemia unawareness—at least in type 1 diabetes mellitus 
(T1DM). Aggressive attempts to achieve glycemic control increase 
the risk of severe hypoglycemia about threefold in T1DM, but it is 
possible to minimize that risk by (1) application of the principles of 
modern therapy (patient education and empowerment, frequent 
self-monitoring of blood glucose, flexible insulin regimens, indi- 
vidualized glycemic goals, and ongoing professional guidance and 
support) and (2) the practice of hypoglycemia risk reduction. 
Conventional risk factors for hypoglycemia, based on the premise 
that absolute or relative therapeutic insulin excess is the sole deter- 
minant of risk, include insulin excess (dose, timing, and type), de- 
creased food ingestion, increased exercise, other drugs including 
alcohol, and increased sensitivity to or decreased clearance of in- 
sulin. But these explain only a minority of episodes of severe hypo- 
glycemia. More potent risk factors that are clinical surrogates of 
compromised glucose counterregulation include (1) absolute in- 
sulin deficiency (indicating that the first physiological defense 
against falling glucose levels, a decrease in insulin levels, is lost 
and implying that the second defense, an increase in glucagon se- 
cretion, is also lost) and (2) a history of severe hypoglycemia or ag- 
gressive therapy per se as evidenced by lower glycemic goals or 
lower hemoglobin A,, levels, the former indicating and the latter 
implying recurrent iatrogenic hypoglycemia. Recent antecedent 
hypoglycemia reduces autonomic responses (including epineph- 
rine, the third defense against falling glucose levels) and sympto- 
matic responses (which normally prompt the behavioral defense) 
to subsequent hypoglycemia. This is the basis of the concept of 
hypoglycemia-associated autonomic failure in T1DM, which 
posits that episodes of iatrogenic hypoglycemia cause hypo- 
glycemia unawareness and, in the setting of absent glucagon re- 
sponses and a defective glucose counterregulation, lead to a vicious 
cycle of recurrent hypoglycemia. Indeed, as little as 2-3 weeks of 
scrupulous avoidance of iatrogenic hypoglycemia reverses hypo- 
glycemia unawareness and, at least in part, the reduced epinephrine 
component of defective glucose counterregulation in most af- 


fected patients. Thus while hypoglycemia is a problem for pec 
ple with diabetes that has not been solved and needs to be ad 
dressed vigorously both clinically and investigatively, the goal 
of improving glycemic control and minimizing hypoglycemia arı 
not incompatible. 


THE CLINICAL PROBLEM 


Hypoglycemia is the limiting factor in the glycemic management 
of diabetes mellitus both conceptually and in practice.'? Were it 
not for the potentially devastating effects of hypoglycemia, dia- 
betes would be rather easy to treat. Administration of enough 
insulin (or any effective drug) to lower plasma glucose concentra- 
tions to or below the normal range would eliminate the symptoms 
of hyperglycemia and prevent diabetic ketoacidosis or hypersmolar 
coma, almost assuredly prevent the long-term specific complica- 
tions of diabetes (retinopathy, nephropathy, and neuropathy), and 
likely reduce atherosclerotic risk. But the effects of hypoglycemia 
on the brain are real, and the management of diabetes is therefore 
complex. 

It is now well established that glycemic control makes a differ- 
ence for people with diabetes. It prevents or delays the specific 
long-term complications.** Nonetheless, over a mean of only 6.5 
years diabetic retinopathy developed or progressed in 14% (100 of 
711) of patients with TIDM treated intensively (compared with 
32% of those treated conventionally) in the Diabetes Control and 
Complications Trial (DCCT).* Similarly, nephropathy and neu- 
ropathy developed or progressed in many patients treated inten- 
sively (albeit again at lower rates than in those treated convention- 
ally). The occurrence of these complications of diabetes in a 
substantial portion of people with diabetes over a rather short 
period of time, despite aggressive attempts to lower circulating glu- 
cose levels was largely, perhaps exclusively, the result of the in- 
ability to achieve euglycemia in the vast majority of patients. 
Fewer than 5% of those treated intensively maintained normal he- 
moglobin A,, levels (<6.05%). The median hemoglobin Aj; was 
7.2% and mean (+SD) capillary blood glucose levels were 155 + 
30 mg/dL, approximately twice those of nondiabetic individuals. 
Euglycemia could not be achieved safely in the vast majority of the 
patients because of the barrier of iatrogenic hypoglycemia. The 
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incidence of severe hypoglycemia (that requiring the assistance of 
another individual) was more than threefold higher in the patients 
treated intensively. Clearly, even under the optimized conditions of 
the DCCT, hypoglycemia was the limiting factor in the manage- 
ment of T1DM. As shown in the United Kingdom Prospective Dia- 
betes Study, that is also the case late in the course of type 2 diabetes 
mellitus (T2DM).** Over time, during intensive therapy of T2DM, 
hypoglycemia became limiting,° median hemoglobin A,, levels 
rose to approximately 8.1%, and complications occurred (e.g., any 
microvascular endpoint in 8% compared with 11% in the conven- 
tional therapy group).* 


THE CLINICAL CONTEXT 


Glycemic control is a fundamentally important component of the 
management of diabetes.™ The detection and treatment of hyper- 
tension, elevated LDL-cholesterol levels, and incipient nephropa- 
thy, retinopathy, and neuropathy, and the provision of comprehen- 
sive preventive and therapeutic care are also fundamentally 
important.° But the challenge of achieving and maintaining 
improved glycemic control safely is the focus of this chapter. 

Because of the barrier of hypoglycemia, sustained euglycemia 
is an unrealistic goal for the vast majority of people with TIDM'*” 
(and for many with T2DM'*). Aggressive attempts at glycemic 
control increase the risk of severe, at least temporarily disabling, 
iatrogenic hypoglycemia (i.e., that requiring the assistance of 
another individual) more than threefold in T1DM. That was docu- 
mented in both of the controlled clinical trials with sample sizes 
large enough to demonstrate beneficial effects of intensive therapy 
with respect to the long-term complication of diabetes, namely 
the DCCT*” and the Stockholm Diabetes Intervention Study.*” It 
was confirmed in a meta-analysis that also included 12 smaller 
controlled trials of intensive therapy.'!° The key word here is con- 
trolled. The fact that aggressive attempts to achieve near eu- 
glycemia in TIDM increase the risk of iatrogenic hypoglycemia, 
documented in controlled clinical trials,*”*-'° cannot be negated 
by reports of uncontrolled series with seemingly low rates of severe 
hypoglycemia. 

Nonetheless, it is possible to reduce the risk of hypoglycemia 
during aggressive therapy of T1DM. That too was demonstrated in 
the DCCT. During the feasibility phase of the DCCT the rate of 
severe hypoglycemia was about sixfold higher in the intensive 
therapy group compared with the conventional therapy group.”!! 
During the subsequent full scale trial, that was reduced to about 
threefold.*” As discussed later, minimizing the risk of hypo- 
glycemia in people with TIDM involves both application of the 
principles of modern aggressive therapy and consideration of the 
roles of both therapeutic insulin excess and compromised physio- 
logical and behavioral defenses against developing hypoglycemia. 


THE PHYSIOLOGY OF 
GLUCOSE COUNTERREGULATION 


Systemic Glucose Balance 


Glucose is an obligate metabolic fuel for the brain under physio- 
logical conditions.' This is in contrast to other organs that can oxi- 
dize fatty acids as well as glucose. Because of its unique depend- 
ence on glucose, and because it cannot synthesize glucose or store 
more than a few minutes’ supply as glycogen, the brain requires a 


continuous supply of glucose from the circulation. Facilitated dif- 
fusion of glucose from the blood to the brain is a direct function of 
the arterial plasma glucose concentration. At normal plasma glu- 
cose concentrations, the rate of blood-to-brain glucose transport 
exceeds the rate of brain glucose metabolism. However, as the arte- 
rial plasma glucose concentration falls below the physiological 
range (approximately 70-110 mg/dL [3.9-6.1 mmol/L] in the 
postabsorptive state) blood-to-brain glucose transport becomes 
limiting to brain energy metabolism, and thus to survival. Given 
the immediate survival value of maintenance of the plasma glucose 
concentration, it is not surprising that physiological mechanisms 
that prevent or rapidly correct hypoglycemia have evolved. Indeed, 
these are so effective that hypoglycemia is a distinctly uncommon 
clinical event except in people who use drugs that lower plasma 
glucose levels (e.g., insulin, sulfonylureas, or alcohol).' 

Normally, rates of endogenous glucose influx into the circula- 
tion and those of glucose efflux out of the circulation into tissues 
other than the brain are coordinately regulated, largely by the 
plasma glucose-lowering (regulatory) hormone insulin and the 
plasma glucose-raising (counterregulatory) hormones glucagon 
and epinephrine, such that systemic glucose balance is maintained, 
hypoglycemia (as well as hyperglycemia) is prevented, and a 
continuous supply of glucose to the brain is assured.’ This is 
accomplished despite wide variations in exogenous gluc ._- influx 
(e.g., after feeding compared with during fasting) and in glucose 
efflux (e.g., during exercise compared with during rest). Hypo- 
glycemia occurs when rates of glucose appearance in the circula- 
tion (the sum of endogenous glucose production, from the liver via 
both glycogenolysis and gluconeogenesis, and to a lesser extent 
from the kidneys via gluconeogenesis," and of exogenous glucose 
delivery from ingested carbohydrates) fail to keep pace with rates 
of glucose disappearance from the circulation (the sum of ongoing 
brain glucose metabolism and of variable glucose utilization by 
tissues such as muscle and fat, as well as the liver and kidneys, 
among others). 

Falling plasma glucose concentrations normally elicit a typical 
sequence of responses. Artenialized venous glycemic thresholds for 
several of these!?"'> are listed in Table 31-1. Insulin secretion de- 
creases (favoring increased glucose production as well as de- 
creased glucose utilization by tissues other than the brain) as 
plasma glucose levels decline within the physiological range. 
Secretion of counterregulatory hormones including glucagon 
(which stimulates hepatic glycogenolysis and gluconeogenesis) 
and epinephrine (which stimulates hepatic glycogenolysis and glu- 
coneogenesis and renal gluconeogenesis" and limits glucose uti- 
lization by insulin-sensitive tissues) as well as both cortisol and 
growth hormone (both of which limit glucose utilization and sup- 
port glucose production) increases as plasma glucose levels fall 
just below the physiological range. Lower plasma glucose levels 
cause symptoms and signs of hypoglycemia, and ultimately brain 
dysfunction. 

When the same quantitative method (i.e., the hyperinsulinemic 
stepped hypoglycemic clamp technique coupled with hyperinsu- 
linemic euglycemic clamps in the same individuals on a separate 
occasion) is used, the glycemic thresholds for the various re- 
sponses to falling plasma glucose concentrations in healthy sub- 
jects are quite reproducible from laboratory-to-laboratory.'?"'® 
Nonetheless, these thresholds are dynamic rather than static. They 
shift to higher plasma glucose concentrations in people with poorly 
controlled diabetes (who often have symptoms of hypoglycemia at 
higher-than-normal glucose levels) and to lower plasma glucose 
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concentrations in people who suffer recurrent hypoglycemia, such 
as those with well-controlled diabetes or with an insulinoma (who 
often tolerate subnormal glucose levels without symptoms), as dis- 
cussed later. 


Clinical Manifestations of Hypoglycemia 


Symptoms of hypoglycemia can be divided into two categories: neu- 
roglycopenic and neurogenic (or autonomic) symptoms. '” 
Neuroglycopenic symptoms are the direct result of CNS neuronal 
glucose deprivation. They include behavioral changes, confusion, 
fatigue, seizure, loss of consciousness, and if hypoglycemia is se- 
vere and prolonged, death. Neurogenic symptoms are the result of 
the perception of the physiological changes caused by the auto- 
nomic nervous system discharge triggered by hypoglycemia. They 
include adrenergic symptoms such as palpitations, tremor, and anxi- 
ety, and cholinergic symptoms such as sweating, hunger, and pares- 
thesias. Adrenergic symptoms are mediated by epinephrine released 
from the adrenal medullae and norepinephrine released from sym- 
pathetic postganglionic neurons, the adrenal medullae, or both. 
Cholinergic symptoms (at least sweating) are thought to be mediated 
by acetylcholine released from sympathetic postganglionic neurons. 
Common signs of hypoglycemia include pallor and diaphore- 
sis. Heart rate and the systolic blood pressure are typically raised, 
but these findings may not be prominent. To the extent they are 
observable, the neuroglycopenic manifestations are often valuable, 
albeit nonspecific, signs. Transient focal neurological deficits occur 
occasionally. Permanent neurological damage is uncommon. 


Normal Glucose Counterregulation 


The principles of glucose counterregulation are as follows. First, 
the prevention and the correction of hypoglycemia involve both 
waning of insulin and activation of glucose counterregulatory fac- 
tors. These are not due solely to dissipation of insulin. Second, 
whereas insulin is the dominant plasma glucose—lowering factor, 
there are redundant glucose counterregulatory factors. There is a 
fail-safe system that prevents failure of the counterregulatory 
process even when one, or perhaps more of the components of the 
system fails. Third, there is a hierarchy among the counterregula- 
tory factors. Some are more important than others. The fact that 
there is a hierarchy of redundant glucose counterregulatory factors 
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that normally prevent or rapidly correct hypoglycemia is al 
assuredly a reflection of the survival value of the preventio 
sustained hypoglycemia throughout evolution. 

The physiology of glucose counterregulation' is also surr 
rized in Table 31-1. The first defense against falling plasma glu 
concentrations is decreased insulin secretion. Among the cour 
regulatory factors, glucagon plays a primary role. Glucose rei 
ery from hypoglycemia is impaired and postabsorptive pla 
glucose concentrations decline, but then plateau when glucago 
deficient. Although demonstrably involved, epinephrine is 
normally critical, but it becomes critical when glucagon is d 
cient. Hypoglycemia develops or progresses when both gluca; 
and epinephrine are deficient and insulin is present, regardless 
the actions of the other glucose counterregulatory factors. Thus 
sulin, glucagon, and epinephrine stand high in the hierarchy of 
redundant glucose counterregulatory factors. Growth hormone < 
cortisol, both of which tend to raise plasma glucose concentratic 
over several hours, are involved in defense against prolonged 1 
poglycemia. However, neither is critical to recovery from ev 
prolonged hypoglycemia or to prevention of hypoglycemia after 
overnight fast." There is some evidence that glucose autoregu 
tion—endogenous glucose production as an inverse function 
ambient glucose levels independent of hormonal and neural regu! 
tion—is involved, albeit only during very severe hypoglycemia.' 
Other hormones, neurotransmitters, or substrates other than gl 
cose may also be involved, but if so they play minor roles. 


THE PATHOPHYSIOLOGY OF GLUCOSE 
COUNTERREGULATION IN DIABETES 


Frequency and Impact 


Because of the imperfections of all current insulin replacement reg 
imens, coupled with compromised physiological and behaviora 
defenses against falling plasma glucose concentrations as discusse: 
later, people with T1DM are at ongoing risk for episodes of hypo 
glycemia.' Those attempting to achieve glycemic control suffer un: 
told numbers of episodes of asymptomatic hypoglycemia (plasm: 
glucose levels may be lower than 50 mg/dL [2.8 mmol/L] as muct 
as 10% of the time) and an average of two episodes of symptomatic 
hypoglycemia per week. They suffer an episode of severe, at least 


TABLE 31-1. Physiological Responses to Decreasing Plasma Glucose Concentrations 


Glycemic 
Threshold* 

Response (mg/dL) 
4 Insulin 80-85 
T Glucagon 65-70 
T Epinephrine 65-70 
T Cortisol and growth hormone 65-70 
Symptoms 50-55 
+ Cognition <50 


Physiological Role in the Prevention or Correction of 

Effects Hypoglycemia (Glucose Counterregulation) 

ÎR, ($ Ro)t Primary glucose regulatory factor; first 
defense against hypoglycemia 

TR, Primary glucose counterregulatory factor; 
second defense against hypoglycemia 

TR, | Ra Involved, critical when glucagon is deficient; 
third defense against hypoglycemia 

T Rat Ry Involve, not critical 


T Exogenous 


Prompt behavioral defense (food ingestion) 


glucose 


*Arterialized venous, not venous. plasma glycemic thresholds in healthy individuals. 13-15. 


tR., rate of glucose appearance, glucose production by the liver and kidneys. 


Compromises behavioral defense 


Rg, rate of glucose disappearance. glucose utilization by insulin-sensitive tissucs such as skeletal muscle (the glucoregulatory hormones have no direct cffect on CNS glucose uti- 


lization). 
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temporarily disabling hypoglycemia, often with seizure or coma, in 
a given year. Although seemingly complete recovery from the latter 
is the rule, the possibility of persistent cognitive deficits has been 
raised and permanent neurological defects can occur. It has been 
estimated that about 2-4% of deaths of people with TIDM are the 
result of hypoglycemia. !™? In addition, hypoglycemia can cause re- 
current or even persistent psychosocial morbidity. The reality of 
hypoglycemia, the rational fear of hypoglycemia, or both can pre- 
clude true glycemic control in T1 DM. 

Overall, hypoglycemia is a substantially less frequent problem 
in T2DM.!' However, it occurs during treatment with sulfonylureas 
and other insulin secretagogues (and has been reported in patients 
treated with metformin) or insulin, and its frequency approaches that 
inT1DM in those who reach the insulin-deficient end of the spectrum 
of T2DM.; In one series the frequency of severe hypoglycemia was 
similar in patients with T2DM and TIDM matched for duration of 
insulin therapy.”! The United Kingdom Prospective Diabetes Study 
investigators concluded that over time, hypoglycemia becomes lim- 
iting in the treatment of T2DM just as it is in the treatment of TIDM.° 


Altered Glucose Counterregulation in Diabetes 


Glucose counterregulation is altered fundamentally in all people 
with established (i.e., C-peptide negative) T1DM.' It is defective in 
most, and is often associated with unawareness of hypoglycemia.’ 

As the person with T1 DM becomes absolutely insulin deficient 
over the first few months or years of clinical T1DM, circulating in- 
sulin levels become totally unregulated; they are a passive function 
of administered insulin. Thus insulin levels no longer fall as glucose 
levels fall. The first defense against hypoglycemia is lost. Further- 
more, within the same time frame the glucagon response to falling 
glucose levels, the second defense, is also lost.” The mechanism 
of this selective and therefore functional rather than anatomic de- 
fect in glucagon secretion is unknown, although it is closely linked 
to, and potentially attributable to, absolute insulin deficiency.” In 
most patients the third defense against hypoglycemia is compro- 
mised when the epinephrine response to hypoglycemia is re- 
duced.”*?5-?? In contrast to the absent glucagon response, the re- 
duced epinephrine response is mainly a threshold abnormality; an 
epinephrine response can be elicited, but lower plasma glucose con- 
centrations are required.” This functional threshold shift is largely 
the result of recent antecedent hypoglycemia, as discussed shortly, 
although there may well be an additional anatomic component in 
patients affected by classic diabetic autonomic neuropathy.”® 
Thus established T1 DM is not just an insulin-deficiency state. From 
the perspective of defense against hypoglycemia, it is an insulin, 
glucagon, and epinephrine deficiency state. 

The development of an attenuated epinephrine response to 
falling glucose levels is a critical pathophysiological event. Patients 
with TIDM who have combined deficiencies of their glucagon and 
epinephrine responses have the clinical syndrome of defective glu- 
cose counterregulation,’ and have been shown in prospective stud- 
ies to suffer severe hypoglycemia at rates 25-fold or greater higher 
than those with absent glucagon but intact epinephrine responses 
during aggressive therapy.” 

Hypoglycemia unawareness is loss of the largely (if not 
exclusively) neurogenic warning symptoms of developing hypo- 
glycemia that previously prompted the patient to act (e.g., to eat) to 
abort the episode. Thus the first manifestation of a hypoglycemic 
episode is neuroglycopenia, and it is often too late for the patient to 
recognize and self-treat the episode. Hypoglycemia unawareness is 


also largely the result of recent antecedent hypoglycemia, as dis- 
cussed shortly. Reduced B-adrenergic sensitivity has also been re- 
ported.” It too has been shown in prospective studies to be associ- 
ated with a high frequency of severe iatrogenic hypoglycemia.” 

Recent antecedent hypoglycemia reduces autonomic (includ- 
ing adrenomedullary epinephrine) and symptomatic responses 
(among others) to subsequent hypoglycemia—it actually shifts the 
glycemic thresholds for these responses to lower plasma glucose 
concentrations—in nondiabetic individuals’*** and in patients 
with T1DM.?” 4 It also impairs physiologic defense against hy- 
poglycemia during hyperinsulinemia in patients with T1DM.”’ 
Such findings led to the formulation*' and experimental verifica- 
tion’”“?~5 of the concept of hypoglycemia-associated autonomic 
failure in TIDM. 

The concept of hypoglycemia-associated autonomic failure in 
TIDM (Fig. 31-1) posits that (1) periods of relative or absolute ther- 
apeutic insulin excess in the setting of absent glucagon responses 
lead to episodes of iatrogenic hypoglycemia; (2) these episodes, in 
turn, cause reduced autonomic (including adrenomedullary) re- 
sponses to falling glucose concentrations on subsequent occasions; 
and (3) these reduced autonomic responses result in both reduced 
symptoms of developing hypoglycemia (i.e., hypoglycemia un- 
awareness) and—because epinephrine responses are reduced in the 
setting of absent glucagon responses—impaired physiological de- 
fense against developing hypoglycemia (i.e., defective glucose 
counterregulation). Thus a vicious cycle of recurrent hypoglycemia 
is created and perpetuated. 

Perhaps the most compelling support for the concept of hypo- 
glycemia-associated autonomic failure in T1DM is the finding in 
three independent laboratories*?“*”’ that the syndrome of hypo- 
glycemia unawareness, and at least in part the reduced epinephrine 
component of the syndrome of defective glucose counterregula- 
tion, is reversible after as little as 2 weeks of scrupulous avoidance 
of iatrogenic hypoglycemia in affected patients with TIDM. While 
this involves a shift of glycemic thresholds for symptoms, and for 
the epinephrine response back toward higher plasma glucose con- 
centrations, the basic mechanisms of hypoglycemia-associated au- 
tonomic failure remain to be established. Evidence that it is medi- 
ated by the cortisol response to previous hypoglycemia®*” and 
involves increased brain glucose uptake*”*' has been presented al- 
though the latter has been challenged. 

Consistent with the concept of hypoglycemia-associated auto- 
nomic failure, recent antecedent hypoglycemia also shifts glycemic 
thresholds for cognitive dysfunction during hypoglycemia to lower 
plasma glucose concentrations,**~* and impairs detection of hypo- 
glycemia in the clinical setting in patients with TIDM.” In addi- 
tion to shifting the thresholds for adrenomedullary (plasma epi- 
nephrine) and parasympathetic (plasma pancreatic polypeptide) 
responses, it has been reported to reduce the sympathetic neural 
response to subsequent hypoglycemia.” 1849 


CLINICAL RISK FACTORS FOR HYPOGLYCEMIA 
IN THE CONTEXT OF THE PATHOPHYSIOLOGY 
OF GLUCOSE COUNTERREGULATION 


The conventional risk factors for iatrogenic hypoglycemia in 
T1DM, those with which people with diabetes and their caregivers 
deal regularly, are based on the premise that absolute or relative 
therapeutic insulin excess—which must occur from time to time 
because of the pharmacokinetic imperfections of all current insulin 
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Hypoglycemia-Associated Autonomic Failure 
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FIGURE 31-1. Schematic diagram of the concept of hypoglycemia-associated autonomic failure in type | dia- 


betes. 


replacement regimens—is the sole determinant of risk. These risk 
factors include insulin doses that are excessive, ill-timed, or of the 
wrong type; decreased food intake; exercise; drugs including alco- 
hol; and increased sensitivity to or decreased clearance of insulin, 
and are detailed in Table 31-2. However, it became clear early in 
the DCCT that these conventional risk factors explain only a mi- 
nority of episodes of severe iatrogenic hypoglycemia.'! Indeed, in 
a multivariate model none was a statistically-significant risk factor. 
Clearly we must look beyond these to understand the majority of 
episodes. 

Iatrogenic hypoglycemia is more appropriately viewed as a re- 
sult of the interplay of absolute or relative therapeutic insulin excess 
and compromised glucose counterregulation—compromised physi- 
ological and behavioral defenses against developing hypo- 
glycemia—at least in TIDM! (Table 31-2). Three clinically well- 
documented risk factors for iatrogenic hypoglycemia that are 
statistically more potent than the conventional risk factors are (1) ab- 
solute insulin deficiency (i.e., C-peptide negativity);”*** (2) a his- 


tory of severe hypoglycemia;’*? and (3) aggressive therapy per se as 
evidenced by lower glycemic goals or lower hemoglobin A,, 
levels.’** These are clinical surrogates of compromised glucose 
counterregulation, the clinical syndromes of defective glucose 
counterregulation and hypoglycemia unawareness, and the patho- 
physiologic construct of hypoglycemia-associated autonomic fail- 
ure. 

Absolute endogenous insulin deficiency indicates that plasma 
insulin concentrations—which are then simply the result of passive 
absorption of exogenous insulin—cannot decrease as plasma glu- 
cose concentrations fall. Furthermore, absolute insulin deficiency 
accurately predicts that plasma glucagon levels will not increase as 
plasma glucose concentrations fall.”* Thus C-peptide negativity, a 
potent clinical marker of increased risk of severe hypoglycemia in 
T1DM, indicates that the first two physiological defenses against 
developing hypoglycemia—decrease in insulin and increase in 
glucagon—are lost. Therefore, the patient is dependent upon the 
third physiological defense, increases in epinephrine. 


TABLE 31-2. Conventional Risk Factors for Hypoglycemia in Diabetes 


1. Insulin doses excessive, ill-timed. or of the wrong type 


2. Decreased influx of exogenous glucose (during the overnight fast or following missed meals or snacks) 

3. Increased insulin-independent glucose utilization (during exercise) 

4. Decreased endogenous glucose production (alcohol. other drugs, renal failure) 

5. Increased sensitivity to insulin (following exercise: middle of the night, with glycemic control: with increased 


fitness, weight loss. or both: drugs) 
6. Decreased insulin clearance (renal failure) 
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But this third physiological defense (along with the behavioral 
defense prompted by symptoms) is compromised in patients with 
the other clinical markers of increased risk: severe hypoglycemia, a 
history of severe hypoglycemia or aggressive therapy per se as 
evidenced by lower glycemic goals, and lower hemoglobin A, 
levels (a history of hypoglycemia indicating an aggressive theraphy 
implying recurrent episodes of antecedent hypoglycemia). As dis- 
cussed earlier, hypoglycemia begets hypoglycemia by reducing the 
autonomic (including epinephrine) and symptomatic responses to 
subsequent hypoglycemia, thus causing the syndromes of defective 
glucose counterregulation (reduced epinephrine responses in the 
setting of absent glucagon responses), and hypoglycemia unaware- 
ness (reduced neurogenic symptom responses). This is hypo- 
glycemia-associated autonomic failure in T1DM. 

These concepts were developed in people with T1DM. The 
extent to which they apply to those with T2DM remains to be es- 
tablished critically. It appears that they also apply to patients with 
relatively long-standing, insulin-requiring T2DM, and in keeping 
with this, hypoglycemia becomes limiting to glycemic control in 
such patients." 


Hypoglycemia Risk Reduction 


Hypoglycemia is a fact of life for people with TIDM (and some 
with T2DM) who attempt to achieve glycemic control. ™7-1153 
Given the shortcomings of all current insulin replacement regimens, 
including the most sophisticated regimens available, it is not practi- 
cal to both maintain euglycemia and eliminate episodes of asympto- 
matic and even symptomatic hypoglycemia in T1DM. That awaits 
the ultimate goal of the prevention and cure of diabetes or, probably 
in the shorter term, development of clinical strategies for perfect or 
near perfect insulin replacement coupled with measures that pre- 
vent, correct, or compensate for compromised glucose counterregu- 
lation.” Nonetheless, every effort must be made to minimize the risk 
of hypoglycemia, and eliminate the risk of severe hypoglycemia, 
while pursuing the greatest degree of glycemic control that can be 
achieved safely in an individual person with diabetes. 

To practice hypoglycemia risk reduction. an approach con- 
ceptually analogous to cardiovascular risk reduction, we must first 
address the issue of hypoglycemia in every patient contact. In addi- 
tion to asking about episodes of hypoglycemia—and assessing the 
patient’s awareness of developing hypoglycemia—and looking for 
low values in the patient’s self-monitoring of blood glucose (SMBG) 
log, itis important to determine the extent to which the patient is con- 
cerned about the reality or the possibility of hypoglycemia. Fear of 
hypoglycemia can be a barrier to glycemic control. 

The second step in hypoglycemia risk reduction is application 
of the principles of modern aggressive therapy: patient education 


and empowerment, frequent SMBG, flexible insulin replacement 
regimens, rational individualized glycemic goals, and ongoing pro- 
fessional guidance and support. Successful management of dia- 
betes, particularly glycemic management, is accomplished by a 
well-informed and empowered patient who receives comprehen- 
sive preventive and therapeutic medical care. 

The third step in hypoglycemia risk reduction is consideration 
of both the conventional risk factors for iatrogenic hypoglycemia 
(Table 31-2) that lead to episodes of absolute or relative therapeutic 
insulin excess (insulin doses, timing and type, patterns of food in- 
gestion and of exercise, interactions with alcohol or other drugs, 
and altered insulin sensitivity to or clearance of insulin) and the risk 
factors for compromised glucose counterregulation that impair 
physiological and behavioral defenses against developing hypo- 
glycemia (Table 31-3). The principle is that iatrogenic hypo- 
glycemia is the result of the interplay of insulin excess and compro- 
mised glucose counterregulation rather than insulin excess alone. 

The clinical surrogates of risk attributable to compromised glu- 
cose counterregulation include absolute insulin deficiency (which 
may be apparent from a history of ketosis-prone diabetes requiring 
insulin therapy from the time of diagnosis, although it is now recog- 
nized that insulin deficiency can sometimes develop more gradu- 
ally) and a history of recurrent hypoglycemia or, absent that, lower 
glycemic goals, lower hemoglobin A,, levels, or both. It is possible 
to test for defective glucose counterregulation (with a low-dose in- 
sulin infusion test*’*!), but that is generally not practical. On the 
other hand, a diagnosis of hypoglycemia unawareness can be made 
from the history. Clinical hypoglycemia unawareness (which also 
implies defective glucose counterregulation) is a strong clue to re- 
current antecedent hypoglycemia whether or not that has been docu- 
mented. In the future, documentation will become increasingly pos- 
sible as continuous glucose monitoring systems become available. 

Obviously, with a history of recurrent hypoglycemia, one should 
identify when it occurs and adjust the treatment regimen accordingly. 
With a basal-bolus insulin regimen, morning fasting hypoglycemia 
implicates the long- or intermediate-acting insulin, daytime hypo- 
glycemia implicates the rapid- or short-acting insulin, and nocturnal 
hypoglycemia may implicate either, all in the context of the other risk 
factors for insulin excess (Table 31-2). Notably, substitution of 
preprandial rapid-acting (e.g., lispro or aspart) for short-acting (reg- 
ular) insulin reduces the frequency of nocturnal hypoglycemia.“ 
Similarly, substitution of longer-acting basal insulins (e.g., glargine) 
for NPH or ultralente insulin may reduce nocturnal hypoglycemia. 

A history of severe iatrogenic hypoglycemia—that requiring 
assistance from another individual—is a clinical red flag. Unless it 
was the result of an obviously remediable factor, such as a missed 
meal after insulin administration or vigorous exercise without the 
appropriate regimen adjustment, a substantive change in the regi- 


TABLE 31-3. Risk Factors for Hypoglycemia in Diabetes 


1. Absolute or relative therapeutic insulin excess (the conventional risk factors) 


2. Compromised glucose counterregulation 


@ Absolute insulin deficiency (C-peptide negativity) 
No J in insulin response to 4 glucose 
No T in glucagon in response to J glucose 


B-Cell destruction: 
Unknown: 


@ History of severe hypoglycemia or aggressive therapy per se (lower glucose goals, lower HbA,,) 


Episodes of hypoglycemia: 


Attenuated autonomic (including T epinephrine) activations and 


symptoms in response to J glucose (defective glucose 
counterregulation and hypoglycemia unawareness) 


© Hypoglycemia-associated autonomic failure 
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men must be made. If it is not, the risk of recurrent severe hypo- 
glycemia is unacceptably high.” 

A history of hypoglycemia unawareness implies recurrent 
hypoglycemia. If that is not apparent to the patient or to his or her 
family or from the SMBG log, it is probably occurring during the 
night. Indeed, hypoglycemia, including severe hypoglycemia, oc- 
curs most commonly during the night in people with TIDM.”"'! That 
is typically the longest interdigestive interval and time between 
SMBG and the time of maximal sensitivity to insulin." Furthermore, 
sleep often precludes recognition of warning symptoms of develop- 
ing hypoglycemia and thus the appropriate behavioral response, and 
has been reported to further reduce the epinephrine response to hypo- 
glycemia and thus further compromise physiological defense against 
developing hypoglycemia.°° Current approaches to the problem of 
nocturnal hypoglycemia include regimen adjustments, including use 
of rapid-acting insulin during the day, and administration of bedtime 
snacks, although the efficacy of the latter is largely limited to the first 
half of the night.’ Experimental approaches include bedtime admin- 
istration of uncooked comstarch,°*” the glucagon-releasing amino 
acid alanine, or the B2-adrenergic agonist terbutaline.’ 

The value of uncooked cornstarch is controversial. While 
Ververs and colleagues™ using hourly blood sampling found that 
bedtime administration of a snack that included 0.2-0.8 g/kg body 
weight of uncooked cornstarch (the equivalent of 14.0-56.0 grams in 
a 70-kg individual) did not prevent nocturnal hypoglycemia (symp- 
toms, blood glucose <54 mg/dL [3.0 mmol/L]. or both) in young 
T1DM subjects, Kaufman and Devgan” reported reduced (as com- 
pared to controls) episodes of self-monitored low (<60 mg [3.3 
mmol/L]) blood glucose (SMBG) levels at 0200h in young T1DM 
subjects given a snack that included 5.0-15.0 grams of uncooked 
cornstarch for 14 days. Thus it remains to be established that bedtime 
administration of only 5.0 grams of cornstarch (the dose, apparently 
limited by palatability, in preparations available commercially) 
would consistently reduce the frequency of hypoglycemia through- 
out the entire night. Bedtime administration of alanine (with glucose) 
or terbutaline has been shown to prevent noctumal hypoglycemia 
more effectively than a conventional bedtime snack.*” The limited 
solubility of alanine in the dose used (40 g) limits its practicability. 
While bedtime terbutaline can cause metabolic effects (slightly 
higher lactate, nonesterified fatty acid and perhaps B-hydroxybu- 
tyrate levels) and hemodynamic effects (higher heart rates) during 
the night that are undesirable at least in theory, and can cause hyper- 
glycemia the following morning,” the convenience and flexibility of 
tablet dosing make it an attractive option when other approaches to 
the problem of nocturnal hypoglycemia are unsuccessful. 

Given clinical hypoglycemia unawareness, a 2-3 week period 
of scrupulous avoidance of hypoglycemia is advisable, and can be 
assessed by retum of awareness. "6+ While this can be accom- 
plished without***” or with minimal” compromise of glycemic 
control, this outcome required substantial involvement of health 
professionals. In practice it might involve acceptance of somewhat 
higher glucose levels over the short term. Nonetheless, with the 
return of symptoms of developing hypoglycemia, empirical ap- 
proaches to better glycemic control can then be tried. 


CONCLUDING COMMENTS 


Clearly, hypoglycemia is a problem for most people with T1DM 
(and some with T2DM) that has not been solved. It is now well es- 
tablished that comprehensive treatment reduces morbidity and 
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mortality in people with diabetes. Comprehensive treatment i 
cludes glycemic control that at a minimum prevents or delays t 
specific long-term complications of diabetes** to the extent tt 
can be accomplished with relative safety. Aggressive attempts 

glycemic control increase the risk of iatrogenic hypoglycemia, b 
it is possible to minimize that risk by applying the principles 

modern aggressive therapy and practicing hypoglycemia risk r 
duction. Thus the goals of improving glycemic control and mir 
mizing hypoglycemia are not incompatible. 
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CHAPTER 32 


The Oral Antidiabetic Agents 


Sunder Mudaliar 
Robert R. Henry 


Type 2 diabetes (T2DM) is a chronic disease characterized by hy- 
perglycemia and numerous other metabolic abnormalities. This 
disabling metabolic disorder affects more than 16 million people 
in the United States' and more than 150 million people world- 
wide.” Three major pathophysiologic abnormalities are associated 
with T2DM: impaired insulin secretion, excessive hepatic glucose 
output, and insulin resistance in skeletal muscle, liver, and adi- 
pose tissue.’ The treatment goals are the alleviation of symptoms 
through normalization of blood glucose levels and the prevention 
of acute and long-term complications.” These goals can be 
achieved through pharmacologic and nonpharmacologic means. 
Nonpharmacologic measures include diabetes education and life- 
long diet management, exercise, and weight loss. Although diet 
and exercise remain the cornerstones of treatment, in the vast ma- 
jority of patients with T2DM, pharmacologic agents are invariably 
needed to achieve optimal glycemic control and reduce the inci- 
dence of microvascular and possibly macrovascular complica- 
tions, as shown in the United Kingdom Prospective Diabetes 
Study (UKPDS). 

Four major classes of oral pharmacologic agents are available 
for treatment. They act as follows at the major sites of defects in 
T2DM: (1) by increasing insulin availability (the secretagogues, 
i.e., sulfonylureas and meglitinides); (2) by suppressing excessive 
hepatic glucose output (the biguanides, i.e., metformin); (3) by im- 
proving insulin sensitivity (thiazolidinediones or glitazones, i.e., 
rosiglitazone and pioglitazone); and finally (4) by delaying gas- 
trointestinal glucose absorption (the a-glucosidase inhibitors acar- 
bose and miglitol) (Fig. 32-1). The therapeutic objectives recom- 
mended by the American Diabetes Association (ADA) include 
fasting plasma glucose (FPG) 80-120 mg/dL, bedtime plasma 
glucose 100-140 mg/dL, and glycosylated hemoglobin (HbA,.) 
< 7%* (Table 32-1). All of the above agents are effective as 
monotherapy in suitable patients and help to maintain optimal 
glycemic control in the initial stages. However, since T2DM is a 
progressive disease. over a period of time glycemic control in- 
evitably deteriorates, and eventually combination oral therapy or 
(in many patients) insulin therapy will be needed to achieve opti- 
mal glycemic levels. This was clearly demonstrated in the 
UKPDS.° Here we review the pharmacology, mode of action, and 
clinical applications of the various antidiabetic agents alone and in 
combination. - 


INSULIN SECRETAGOGUES 


The insulin secretagogues have potent hypoglycemic effeci 
through stimulation of insulin secretion from the pancreatic B cel 
This class of agents includes the sulfonylureas and the megli 
tinides. 


Sulfonylureas 


Sulfonylureas have been available for the treatment of T2DM sinc: 
the 1950s. They continue to be used as initial pharmacologic ther 
apy. particularly when hyperglycemia is pronounced and evidenci 
of impaired insulin secretion is present. Furthermore, sulfonylurea: 
are often the foundation of combination therapy because of thei: 
ability to increase or maintain insulin secretion. They have a long 
history of use and few serious side effects (including hypo- 
glycemia) and are relatively inexpensive. The major disadvantage 
is secondary failure, which may occur with all oral agents due tc 
the progressive nature of T2DM. Placebo-controlled studies have 
shown that sulfonylureas reduce FPG levels by about 54-72 mg/dL 
and HbA,. levels by 1.5-2% in patients with long-standing 
T2DM.°* 

Although all sulfonylurea antidiabetic agents exhibit similar 
hypoglycemic mechanisms, there are quantitative differences in 
their individual pharmacokinetic properties that distinguish them. 
Chlorpropamide, acetohexamide, tolazimide, and tolbutamide are 
classified as first-generation agents, and glyburide, glipizide, and 
glimepiride as second-generation agents. In Europe and other parts 
ot the world, glibenclamide and gliclazide are marketed as the 
equivalent of glyburide and glipizide. Second-generation agents 
like glyburide and glipizide are thought to bind nonionically to 
plasma proteins; the first-generation sulfonylureas are thought to 
bind by both ionic and nonionic mechanisms.” In vitro, acidic 
drugs such as warfarin and aspirin displace sulfonylureas with 
ionic binding to a much greater extent than sulfonylureas with non- 
ionic binding. It was once thought that these differences in binding 
might cause certain agents such as glyburide to have a better drug 
interaction profile than some of the other sulfonylureas. This has 
not been proved clinically. A list of the sulfonylureas is given in 
Table 32-2. 
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TABLE 32-1. Goals for Glycemic Contro! 


Biochemical Index 
Fasting/preprandial plasma glucose <110 
(mg/dL) 
Bedtime plasma glucose <120 
(mg/dL) 
Glycosylated hemoglobin (%) <6 


(normal range 4—6) 


Source: American Diabetes Association.*? 
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FIGURE 32-1. The major sites of action of the various classes of oral an- 
diabetic agents. 


Mechanism of Action 

The hypoglycemic action of the sulfonylureas is due to stimu- 
lation of ATP-dependent K* channels (Karp channels) in the pan- 
creatic islet cells (Fig. 32-2). When sulfonylureas bind to the recep- 
tors, they close these Karp channels. This results in a decrease in 
K* permeability of the B-cell membrane, depolarizes the mem- 
brane, and opens voltage-dependent Ca** channels, leading to an 
increase in intracellular calcium.'' The calcium ions bind to 
calmodulin, resulting in the exocytosis of insulin-containing secre- 
tory granules. Recently, it has been demonstrated that the Karp 
channel is a complex of a 140-kd sulfonylurea receptor (SUR) and 
an inward rectifier channel protein (KIR6.2).'? The Karp channels 


Normal 


Goal Action Suggested 
80-120 <80 or > 140 
100-140 <100 or >160) 
<7 >8 


are also inhibited by glucose and other islet ATP-generating 
fuels." Sulfonylureas can increase insulin secretion at substimula- 
tory concentrations of glucose, suggesting an enhancement of 
B-cell response, and when f cells are exposed to maximally effec- 
tive glucose concentrations, demonstrating an additive effect inde- 
pendent of glucose concentrations.'? Incidentally, ATP-dependent 
K* channels binding sulfonylureas are also present in the my- 
ocardium, vascular smooth muscle, adipose tissue, and brain, in ad- 
dition to the B cell. The role of these receptors in vascular and car- 
diac tissue is discussed below; the significance of sulfonylurea 
binding in the brain remains to be defined. 

Prolonged administration of the sulfonylureas may also pro- 
duce extrapancreatic effects that contribute to its hypoglycemic ac- 
tivity. These effects include reduction of basal hepatic glucose pro- 
duction and an enhanced peripheral sensitivity to insulin secondary 
to intracellular signaling events that follow insulin receptor bind- 
ing. The relative importance of each of these actions to the overall 
therapeutic effect of the drugs varies among sulfonylureas and 
from patient to patient. Although a main effect of sulfonylureas ap- 
pears to be stimulation of basal insulin secretion, these antidiabetic 
agents also stimulate the secretion of insulin throughout the dura- 
tion of a meal." 

All the sulfonylureas bind to the same receptor site, and differ- 
ences in potency may relate, in part, to differences in binding affin- 
ity. Sulfonylureas also vary widely in their rates of absorption, bio- 
transformation, and elimination, all of which account for the 
differing potencies and dosages of the various agents in this class. 
These drugs are not effective in the absence of functioning 8 cells, 
as occurs in T1 DM, or when the number of viable B cells is low, as 
occurs in those with long-standing T2DM. 


TABLE 32-2. First- and Second-Generation Sulfonylurea Compounds 


Initial Daily Dose Recommended 
Dose Range Maximum Daily Dose 
Name (mg/day) (mg/day) (mg/day) Doses/Day 
First generation 
Tolbutamide 500-1500 500-3000 3000 2-3 
Chlorpropamide 100-250 100-500 500 l 
Tolazamide 100-250 100-1000 1000 1-2 
Acetohexamide 250-500 250-1500 1500 1-2 
Second generation 
Glyburide 1.25-2.50 1.25-20 20 1-2 
Micronized formulation 0.75-1.50 0.75-12 12 l 
Glibenclamide 1.25-2.50 1.25-2.50 20 1-2 
Glipizide 2.5-5 2.540 40 1-2 
Glipizide XL 5 5-20 20 l 
Gliclazide 40 40-320 320 1-2 
Glimepiride 1-2 48 8 1 
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FIGURE 32-2. Sulfonylureas bind to receptors (Sur) on the B-cell mem- 
brane. cause decreased permeability of K* channels. and depolarize the 
membrane. This causes the voltage-dependent Ca” channels to open, lead- 
ing to an increase in intracellular calcium and the exocytosis of insulin- 
containing secretory granules. The Karp channel is a complex of a 140-kd 
sulfonylurea receptor (Sur) and an inward rectifier channel protein (Kir 
6.2). The Sur subunit contains unique binding sites for glyburide and 
repaglinide. 


Pharmacokinetics 

All the sulfonylureas are rapidly absorbed from the GI tract 
after oral administration. The pharmacokinetics and metabolism of 
the sulfonylureas are shown in Table 32-3. It is noteworthy that the 
half-life of chlorpropamide is very long, ranging from 25-60 
hours, with a duration of action of 24-72 hours. 


Clinical Use and Efficacy 

Sulfonylureas have been used as oral hypoglycemic agents for 
approximately 50 years,'* and despite the availability of multiple 
classes of oral agents, these drugs continue to be used frequently as 
initial pharmacologic therapy, particularly when hyperglycemia is 
pronounced and evidence of impaired insulin secretion is present. 
Furthermore, because of their ability to increase or maintain insulin 
secretion, these agents are often the foundation of combination 
therapy. Placebo-controlled studies have shown that sulfonylureas 
reduce FPG levels by about 54-72 mg/dL in patients with long- 


TABLE 32-3. Metabolism of Sulfonylureas 
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standing T2DM.°* The plasma glucose-lowering effect is slightly 
better in patients who have been recently diagnosed.° Glycosylated 
hemoglobin levels are reduced on the average of 1.5-2% with use 
of these agents.°* 

Although similar in efficacy to first-generation agents (tolbu- 
tamide, chlorpropamide, tolazamide, and acetohexamide), second- 
generation sulfonylureas (glyburide, glipizide, and glimepiride) are 
more potent and lack some of the side effects seen with older 
agents. As a result, they have largely replaced first-generation 
agents in the clinical setting. Of the second-generation sulfo- 
nylureas available, two formulations (glipizide extended release 
and glimepiride) have the convenience of maximum effectiveness 
with once-a-day dosing and the potential for greater long-term 
compliance. Glipizide extended release (Glucotrol! XL®) provides 
controlled release of the short-acting sulfonylurea. Once-daily ad- 
ministration provides effective control of plasma glucose concen- 
trations throughout the 24-hour dosing interval, with less peak-to- 
trough fluctuation than conventional glipizide.” A multicenter, 
open-label, randomized, two-way crossover study® demonstrated 
that extended-release glipizide is as effective as conventional glip- 
izide in lowering postprandial plasma glucose levels but is signifi- 
cantly more effective in reducing FPG levels than conventional 
glipizide at week 8 of treatment. In addition, extended-release glip- 
izide exerts its glycemic effect at lower insulin and 
C-peptide levels, which suggests enhanced insulin sensitivity. 
Extended-release glipizide lowers HbA,,. levels and both fasting 
and postprandial glucose over a dose range of 5-60 mg/day, with 
maximal efficacy achieved at a dose of 5 mg for HbA,, and 20 mg 
for FPG.'* 

The second-generation agent glyburide is also available in a 
micronized (smaller particle size) formulation (Glynase® 
PresTab® tablets) that offers improved bioavailability over conven- 
tional glyburide and can be administered once or twice daily. A 
12-week double-blind, randomized trial demonstrated no signifi- 
cant differences in glycemic or glycosylated hemoglobin levels be- 
tween patients receiving 5-mg tablets of original glyburide versus 
3-mg tablets of micronized glyburide.'® However, because of the 
difference in bioavailability, patients should be retitrated when they 
are switched from original to micronized glyburide. The incidence 
of side effects is similar for the two agents. 

Glimepiride (Amaryl®) is the most potent sulfonylurea on a 
per-milligram basis and appears to be as effective as other sulfo- 
nylureas in reducing glucose levels when administered at 1-8 mg 
daily.”'”'* Glimepiride, like other sulfonylureas, can be used alone 


Compound and Biologic Duration of 
Date of Plasma Hypoglycemic Mode of Activity of Excreted in 
Introduction Half-Life (h) Action (h) Metabolism Metabolites Urine (%) 
Tolbutamide 46.5 6-10 Hepatic carboxylation Inactive 100 
Chlorpropamide 36 60 Hepatic hydroxylation or side chain cleavage Active 80-90 
Tolazamide 7 12-14 Hepatic metabolism Three inactive 85 
Three week 

Acetohexamide 46 12-18 Hepatic reduction to |-hydroxyhexamide 2.5 X original 60 
Glyburide (glibenclamide) 4-11* 24 Hepatic metabolites Mostly inactive 50 
Glipizide 2.54.7 Up to 24 Hepatic metabolites Inactive 50 
Gliclazide 8-11 Up to 24 Hepatic metabolites Probably inactive 60-70 


*Micronizcd in 4 hours. 


Source: Data from Gerich,’ Groop, '® and Zimmerman. '* 
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or in combination with other anti-hyperglycemic agents. It is also 
the only sulfonylurea approved for use as an adjunct to insulin ther- 
apy. Maximal efficacy is achieved at 4-8 mg daily.’ In clinical 
studies, once-daily doses of 1-8 mg significantly reduced FPG by 
43-74 mg/dL and HbA,, values by 1.2-1.9% compared with 
placebo.'* In 1-year clinical studies, although glimepiride was sim- 
ilar in efficacy to glibenclamide and glipizide, it appeared to reduce 
blood glucose more rapidly than glipizide over the first few weeks 
of treatment. There is now preliminary evidence that although all 
sulfonylureas bind to the same ATP-dependent K~ channels, 
glimepiride exhibits different binding behavior to these channels, 
particularly in the heart (discussed later). Thus, in one study, com- 
pared with glibenclamide, glimepiride was able to maintain is- 
chemic myocardial preconditioning during balloon angioplasty. "° 
Since they have potent insulin secretory effects, primary fail- 
ure of sulfonylurea therapy is uncommon if patients are carefully 
selected. It is possible that some patients failing sulfonylurea ther- 
apy have unrecognized TIDM.”° When recognized, these patients 
should always be treated with insulin. Secondary failure of sul- 
fonylurea therapy is also a major long-term therapeutic problem 
and seems to relate mainly to the natural history of T2DM and de- 
creasing B-cell function. The incidence of secondary failure is also 
difficult to ascertain since its definition varies from study to study, 
but it is generally reported to range from 5 to 10% per year.”! There 
have been suggestions that the secondary failure of sulfonylureas 
may be due to exhaustion of the pancreatic B cells. This hypothe- 
sis, however, has no evidence to support it. In the UKPDS, B-cell 
deterioration occurred at the same rate in diet-treated, metformin- 
treated, and sulfonylurea-treated patients.” It appears difficult to 
identify clinical features predicting secondary failure to sulfo- 
nylureas.”’ The primary predictive factor appears to be the duration 
of diabetes. Studies conducted to see whether a temporary reduc- 
tion in hyperglycemia with insulin therapy restores the effective- 
ness of sulfonylurea therapy have not been successful.”* Patients 
who fail to achieve ADA target goals should be started on combi- 
nation therapy with any of the other oral agents or on insulin. 


Extrapancreatic Effects 

Over time, patients with T2DM who are treated with sulfo- 
nylureas have an improvement in B-cell function and a reduction of 
insulin resistance. However, it is known that improvement of hy- 
perglycemia by other treatment methods also results in similar im- 
provements in B-cell function and insulin resistance. Thus it is pos- 
sible that the improvement is nonspecific and the result of a 
reduction of glucose or metabolic toxicity rather than a direct effect 
of sulfonylureas.”° Even so, interest persists in possible extrapan- 
creatic effects of sulfonylureas because, during chronic sulfo- 
nylurea therapy, acute insulinotrophic actions appear to be re- 
duced.” 

The sulfonylureas possess extrapancreatic effects that have 
been studied both in vitro and in vivo, in animal and human stud- 
ies.” In rat L6 cultured skeletal muscle cells, tolazamide enhances 
glucose uptake by increasing the number of functioning cellular 
glucose transport molecules by 70%.” Glyburide has also been 
shown to stimulate glucose transport in cultured L6 muscle cells by 
a protein kinase C-mediated pathway that requires new protein 
synthesis. In this study, the authors speculated that although intra- 
cellular Ca”* metabolism may be involved in this process, the ini- 
tial step in the mechanism of action is probably different between 
pancreatic B cells and muscle cells.” In isolated insulin-resistant 
rat adipocytes, glimepiride activates glucose transport by stimu- 


lation of GLUT-1 and GLUT-4 translocation via interference at a 
site downstream of the putative molecular defect in the signaling 
cascade between the insulin receptor and the glucose transport 
system induced by high concentrations of glucose and insulin. 
This molecular site of glimepiride action is related to GLUT-4 
phosphorylation/dephosphorylation.*' Gimepiride also increases 
cardiac glucose uptake in isolated rat cardiomyocytes, by an 
insulin-independent pathway most probably involving an increased 
protein expression of GLUT-1 and GLUT-4. 

In human studies, Prigeon and colleagues” in their study in 15 
patients with T2DM found that glyburide treatment did not have 
any effect on peripheral glucose uptake, as measured by the insulin 
sensitivity index. On the other hand, Beck-Nielsen and col- 
leagues™ demonstrated that sulfonylurea treatment of obese pa- 
tients with T2DM enhances insulin-stimulated peripheral glucose 
utilization in both adipose tissue and skeletal muscle, in part 
through a potentiation of insulin action on adipose tissue glucose 
transport and lipogenesis and skeletal muscle glycogen synthase. 
Recently, Shi and coworkers?" have demonstrated that human 
adipocytes express a sulfonylurea receptor (SUR1) that regulates 
intracellular calcium and controls lipogenesis and lipolysis. 


Cardiac Effects 

Ever since the results of the University Group Diabetes Pro- 
gram (UGDP) study were published, there has been controversy re- 
garding the potentially harmful cardiac effects of sulfonylureas.*° 
In the UGDP, approximately 1000 patients with T2DM were 
randomized to diet and either placebo, tolbutamide, phenformin, 
standard-dose insulin, or a variable-dose insulin regimen. Unex- 
pectedly, in 1969, after 7 years of follow-up, the tolbutamide arm 
was discontinued because of an observed and unexpected increase 
in cardiovascular and all-cause mortality.” There was widespread 
criticism of this study, which included insufficient patient charac- 
terization for baseline cardiovascular risk factors (e.g., cigarette 
smoking), as well as methodologic and interpretive problems in the 
study protocol. Even so, the UGDP results fueled the long- 
standing controversy related to the potentially harmful cardiac ef- 
fects of sulfonylurea drugs.” This is because the myocardium K arp 
channels mediate ischemic preconditioning, which is critical to 
myocardial protection and limitation of infarct size“? These 
channels are normally closed; they open during ischemia in an 
adaptive response that protects the myocardium and induces va- 
sodilation. Sulfonylurea binding to the channels has been shown to 
inhibit the response to ischemia, potentially delay the recovery of 
contractile function, and increase infarct size during a myocardial 
infarction.*'? In a recent study, sulfonylurea therapy was associ- 
ated with an increase in in-hospital mortality among patients un- 
dergoing direct angioplasty for myocardial infarction.“ 

On the other hand, several studies have reported no link be- 
tween long-term sulfonylurea use and increased mortality.“*~“® The 
UKPDS clearly documented that long-term sulfonylurea therapy is 
not associated with increased cardiovascular morbidity or mortal- 
ity. A recent study from the Mayo Clinic” did not find increased 
long-term mortality over 8.4 years in a group of 102 T2DM pa- 
tients treated with either insulin or sulfonylureas at the time of ad- 
mission to hospital with an acute myocardial infarction. 

To add to the controversy further, it is known that the preven- 
tion of Karp channel opening during ischemia reduces potassium 
efflux from myocardial cells and also reduces the occurrence of 
ventricular fibrillation during ischemia.” Indeed, in a recent 
study from Europe, sulfonylurea therapy was actually associated 


Chapter 32 


with reduced postinfarct morbidity and mortality in patients with 
diabetes.”* It is also possible that the increased cardiovascular risk 
may not be a class effect with sulfonylureas. There is a variable ef- 
ficacy with which sulfonylurea drugs inhibit cardioprotective Karp 
channels. In experimental animals, inhibition of the cardiac Karp 
channel with glibenclamide has been shown to increase ischemia- 
reperfusion damage, whereas gliclazide, a sulfonylurea with pro- 
nounced in vivo antioxidative properties, prevented such damage." 
In blood flow studies in the human forearm, significant interaction 
with the vascular Karp channel was found for glibenclamide, 
whereas the effect was much less pronounced for tolbutamide*® 
and even absent for the new drug glimepiride.~° In a recent survey 
from Australia, glibenclamide-treated patients had significantly 
less ventricular fibrillation than those receiving gliclazide or in- 
sulin.” 

Thus, the interaction between sulfonylurea drugs and Karp 
channels during metabolic stress is complex, with various factors 
governing sulfonylurea-inhibitory gating of the channel.**°? The 
net clinical effects of the seemingly opposing myocardial actions 
of sulfonylureas may not be deleterious. Further, the UKPDS has 
clearly documented that long-term sulfonylurea treatment is not as- 
sociated with increased cardiovascular morbidity or mortality.” 
Whether some sulfonylureas (glipizide or glimepiride) or the other 
antidiabetic agents (especially the insulin sensitizers) are more 
beneficial for the cardiovascular consequences of T2DM remains 
to be determined. 


Effects on Lipids 

Unlike the insulin sensitizers, sulfonylurea treatment probably 
does not possess lipid-lowering effects other than that due to im- 
proved glycemic control. In one study, Panahloo and coworkers*! 
examined the effects of sulfonylurea and insulin treatment on 
glycemia, insulin sensitivity, and lipid concentrations in 20 poorly 
controlled, diet-treated T2DM subjects who were given sulfo- 
nylurea or insulin each for a period of 16 weeks in a randomized 
crossover study, with a 4-week washout period between each treat- 
ment. Subjects were studied at the baselines (B1 and B2) and after 
each treatment. Expectedly, although treatment with both sulfo- 
nylureas or insulin resulted in equal improvement in insulin sensi- 
tivity (measured by the metabolic clearance of glucose) and 
glycemia (HbA,, declined from 11.7 + 2.1% to 8.5 + 0.9% with 
sulfonylurea treatment and to 8.6 + 1.2% on insulin), surprisingly, 
there were no differences in lipid concentrations either with im- 
proved glycemia or between therapies. However, the potentially 
atherogenesis-promoting intact proinsulin levels and plasminogen 
activator inhibitor-1 (PAI-1) antigen activity were higher on sul- 
fonylurea treatment.*! 


Prevention of Type 2 Diabetes 

A limited number of studies have attempted to determine 
whether the use of sulfonylurea agents in high-risk subjects can 
prevent or delay the onset of T2DM. Most of these were of short 
duration and were generally statistically underpowered. The Eng- 
lish Bedford Study did not demonstrate a benefit of tolbutamide 
500 mg bid to prevent progression to diabetes. However, the 
study by Sartor and colleagues™ did show that tolbutamide 500 mg 
tid decreased the development of diabetes over 10 years compared 
with placebo. This study was undermined by a failure to follow an 
intention-to-treat analysis. In a recent English study, Holman and 
colleagues™ randomized 227 self-referred subjects at increased 
risk of developing diabetes (FPG between 99 and 139 mg/dL on 
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two consecutive occasions 2 weeks apart) to either sulfonylurea 
therapy (gliclazide = 160 mg daily) or a control group allocated ei- 
ther to double-blind placebo or to no tablets. Subjects were also 
randomly allocated to reinforced or basic healthy-living advice in a 
factorial design. A total of 201 subjects were evaluated after 1 year 
in three English and two French centers. Sulfonylurea treatment re- 
sulted in a significant reduction in median FPG (by 7 mg/dL) and 
HbA,, (by 0.2%) compared with the control group. There was no 
change in insulin sensitivity and B-cell function between groups. 
Side effects in the sulfonylurea group included weight gain and hy- 
poglycemia. The study is being extended to determine whether sul- 
fonylurea therapy prevents progression to T2DM. It should be 
mentioned here that the National Institutes of Health (NIH) is 
presently conducting the 6-year Diabetes Prevention Program in 
which subjects with impaired glucose tolerance who are at in- 
creased risk of developing T2DM are being studied to determine 
whether intensive lifestyle measures or metformin can prevent or 
delay the onset of T2DM. There is no sulfonylurea arm in this 
study. The study completed randomization of 3000 subjects,°™ and 
results were published in 2002.°° They demonstrated a 58% reduc- 
tion in diabetes incidence with lifestyle intervention and 31% re- 
duction with metformin treatment after 3 years followup. 


Dosing 

The initial starting dose of the sulfonylurea agent depends on 
the prevailing level of hyperglycemia (Table 32-2). If the initial 
FPG is <200 mg/dL, sulfonylureas should be started at the lowest 
dose and titrated upward at weekly intervals so as to achieve an 
FPG of =120 mg/dL. If the initial FPG >200 mg/dL, higher initial 
doses of sulfonylureas may be used. If a patient presents with 
marked symptoms and hyperglycemia, the sulfonylurea agent may 
be started at the highest dose and the patient closely followed up.™ 
Studies have shown that the sulfonylureas are better absorbed and 
are more effective if given about 30 minutes before a meal.'* This 
may, however, create a compliance problem for the patients, since 
it is difficult to remember to take a pill 30 minutes before eating. 
The goal should be an FPG of <120 mg/dL and an HbA,, of <7%. 
All patients should monitor their blood glucose on a regular basis 
(self-monitored blood glucose [SMBG]), and dosage adjustments 
in small increments should be made every week depending on 
SMBG. For once-daily agents, the dose should be given with 
breakfast or the main meal of the day. Glipizide is best adminis- 
tered 30 minutes before a meal to ensure maximum reduction in 
postprandial hyperglycemia. However, the sustained-release 
dosage form should be given with breakfast. In elderly adults over 
65 years, patients with hepatic disease, or other patients who may 
be more sensitive to hypoglycemic drugs, the lowest initial dose 
should be used and dose adjustments should be made more conser- 
vatively. 

Special care needs to be taken when transferring a patient from 
chlorpropamide to any other sulfonylurea therapy. Since chlor- 
propamide’s effects can persist for 1-2 weeks following the dis- 
continuation of therapy, hypoglycemia can result from additive ef- 
fects of the two agents. The normal starting dose of a sulfonylurea 
may be used when transferring patients from sulfonylureas (other 
than chlorpropamide). Patients should be retitrated on micronized 
glyburide when transferring from conventional glyburide or other 
oral hypoglycemic agents. 

Some patients with T2DM being treated with insulin can be 
switched successfully to oral sulfonylurea therapy. For patients 
being treated with <20 U of insulin per day, a lower starting dose 
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of the sulfonylurea once daily may be tried. For patients being 
treated with 20—40 U of insulin per day, a higher starting dose 
(half-maximal) may be tried. For patients being treated with >40 
U of insulin per day, it is recommended that the daily insulin dose 
be decreased 50% and the sulfonylurea be initiated at half-maximal 
dose. 


Side Effects 

Sulfonylurea antidiabetic agents are generally well tolerated 
and have a low incidence of side effects. Hypoglycemia is the most 
common side effect during sulfonylurea therapy and manifests as 
hunger, pallor, nausea/vomiting, fatigue, diaphoresis, headache, 
palpitations, numbness of the mouth, tingling in the fingers, 
tremors, muscle weakness, blurred vision, hypothermia, uncon- 
trolled yawning, irritability, mental confusion, sinus tachycardia, 
shallow breathing, or loss of consciousness. Hypoglycemia can be 
a result of excessive dosage, but it also could be due to other factors 
such as improper diet or excessive physical activity. Sulfonylurea- 
induced hypoglycemia can be severe and requires immediate re- 
evaluation and adjustment of both dosage and the patient’s diet. 
The risk of hypoglycemia is also increased in the elderly and when 
there is poor nutrition, alcohol intake, gastrointestinal disease, or 
impaired renal function. 

Other adverse sulfonylurea effects occur infrequently, typi- 
cally during the first 6 weeks of therapy. Mild GI effects are com- 
mon, whereas skin reactions and hematologic complications are 
rare.'°* Patients often experience some weight gain with use of 
sulfonylureas. Withdrawal of sulfonylurea therapy due to adverse 
reactions occurs in <2% of patients. Minor adverse reactions in- 
clude nausea/vomiting, heartburn, dyspepsia, diarrhea, headache, 
abdominal pain or cramps, constipation, and paresthesias. These 
symptoms may subside following a reduction in dosage. Adminis- 
tering the total daily dose in two equally divided doses may also al- 
leviate some of the adverse GI effects. However, severe adverse GI 
effects may necessitate discontinuance of the drug. 

Allergic skin reactions to sulfonylurea include maculopapular 
rash, urticaria, erythema, and pruritus. These reactions are usually 
mild, but if they persist or become severe, the drug should be dis- 
continued. Rarely, skin eruptions have progressed to erythema 
multiforme and exfoliative dermatitis; porphyria cutanea tarda and 
photosensitivity reactions have been reported. Cholestatic jaundice 
has also been reported with sulfonylurea therapy, and (rarely) he- 
patic porphyria has been precipitated by sulfonylureas. The drug 
should be discontinued if this occurs. Sulfonylureas can cause 
leukopenia, thrombocytopenia, pancytopenia, agranulocytosis, 
aplastic anemia, and/or hemolysis, which can lead to hemolytic 
anemia. These effects are usually mild and typically subside fol- 
lowing discontinuance of the drug. 

The syndrome of inappropriate secretion of antidiuretic hor- 
mone (SIADH) has occurred in patients receiving chlorpropamide. 
Chlorpropamide occasionally can also cause hyponatremia and 
water intoxication, which is indistinguishable from SIADH. Al- 
though rare, hyponatremia and SIADH have also occurred in pa- 
tients receiving other sulfonylureas. Most of these affected patients 
had other variables, which may have been responsible or contribu- 


tory. 


Contraindications 

Sulfonylurea use is contraindicated in pregnancy since there 
are no adequate human studies of effects on the fetus, although an- 
imal reproduction studies have shown some adverse fetal effects. If 


they are used at all, the decision to administer sulfonylurea drugs 
must weigh the potential risks to the fetus against the potential ben- 
efits to the mother. Because abnormal glucose concentrations are 
themselves a risk factor for congenital abnormalities, insulin is rec- 
ommended to maintain blood glucose as close to normal as possi- 
ble. However, in a recent study, Langer and coworkers random- 
ized 404 women with gestational diabetes (between 11 and 33 
weeks of pregnancy) who were unable to achieve adequate meta- 
bolic contro! with diet and exercise alone to either glyburide or in- 
sulin therapy. Adequate control was obtained with significantly less 
hypoglycemia in the glyburide group than in the insulin group. 
(Only 4% of glyburide women had to go on insulin.) More impor- 
tantly, there was no evidence of any of the complications feared to 
result from fetal or neonatal hyperinsulinemia due to transplacental 
passage of the sulfonylurea drug. There were no differences be- 
tween the groups in cord serum insulin concentrations or in the in- 
cidence of macrosomia, cesarean delivery, or neonatal hypo- 
glycemia. Glyburide was not detected in the cord serum of any 
infant, despite measurable serum concentrations in some of their 
mothers. However, this study does not permit us to draw firm con- 
clusions about the teratogenicity of oral hypoglycemic drugs in 
early pregnancy (when organogenesis occurs) and thus whether 
women with T2DM who become pregnant can safely continue oral 
sulfonylurea agents. Also, since it is not known whether sulfo- 
nylureas are excreted in breast milk, it is recommended that sul- 
fonylureas not be used in women who are breastfeeding, to avoid 
hypoglycemia in nursing infants. 

All sulfonylureas are contraindicated in patients with a known 
sulfonylurea hypersensitivity. Allergic reactions such as an- 
gioedema, arthralgia, myalgia, and vasculitis have been reported. 
Sulfonylureas are also contraindicated in all patients with T1DM 
and those in acute stress conditions like major surgery, acute my- 
ocardial infarction, or trauma. 

Renal impairment or hepatic disease can cause elevations in 
sulfonylurea blood concentrations, and hepatic disease can also re- 
duce gluconeogenic capacity®’; both problems increase the risk of 
hypoglycemia, and sulfonylureas should be administered carefully 
in these patients. Some sulfonylureas like chlorpropamide and ace- 
tohexamide can exacerbate hepatic porphyria and should be used 
cautiously in patients with a history of this condition. 

Elderly patients may be more susceptible to the hypoglycemic 
effects of sulfonylureas. Chlorpropamide can cause prolonged and 
serious hypoglycemia in the elderly, as well as SIADH. Therefore, 
this medication is not recommended for use in the geriatric popula- 
tion. The use of sulfonylureas has not been studied systematically 
in children with T2DM. 


Drug Interactions 

Although drug interactions for the second-generation sulfo- 
nylureas (glyburide and glipizide) are theoretically less of a con- 
cern than for the first-generation agents, interactions due to dis- 
placement have been reported, and caution should be used if any of 
the following drugs are prescribed to patients receiving oral sul- 
fonylureas due to the potential for protein-binding interactions and 
hypoglycemia: clofibrate, salicylates, NSAIDs, and sulfonamides. 
Also, the interaction between oral anticoagulants and oral sulfo- 
nylureas is complex, and it is wise for clinicians to monitor coagu- 
lation parameters closely when sulfonylureas and warfarin are used 
together.”° 

Beta blockers promote hyperglycemia by inhibiting insulin se- 
cretion and decreasing tissue sensitivity to insulin. Selective beta 
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blockers may cause fewer problems with blood glucose regulation, 
although all beta blockers can still mask the tachycardic response 
to hypoglycemia. Monoamine oxidase inhibitors (MAOIs) inter- 
fere with the compensatory adrenergic response to hypoglycemia 
and cause clinically significant hypoglycemia in patients receiving 
oral antidiabetic agents such as glyburide. 

Patients on weight loss medication (sibutramine or orlistat) or 
weight loss diets should be followed closely and often require a re- 
duction in dose or discontinuation of antidiabetic drug therapy co- 
incident with weight loss.”! 

Chlorpropamide has been associated with a disulfiram-like re- 
action after ingestion of ethanol.’ Patients who take other oral hy- 
poglycemics and consume ethanol should be counseled on this re- 
action. In addition, ethanol is known to inhibit gluconeogenesis, 
and it is possible that hypoglycemia may occur more readily after 
ethanol ingestion in patients receiving oral hypoglycemics. Mi- 
conazole has been reported to inhibit the metabolism of oral antidi- 
abetic agents. Patients should be monitored for hypoglycemia if 
miconazole is added. It is not clear whether other azole antifungals 
interact in the same manner. 


Repaglinide is a carbamoylmethyl benzoic acid (CMBA) deriva- 
tive that belongs to a new class of antidiabetic agents, structurally 
related to meglitinides (previously known as the nonsulphonylurea 
moiety of glibenclamide) (Fig. 32-3). Like the sulfonylureas, 
repaglinide is an insulin secretagogue, and its mechanism of action 
involves ATP-sensitive K* channels.” Repaglinide is unique in 
that it has a rapid onset and short duration of action; when taken 
just prior to meals, it replicates physiologic insulin profiles. It has 
been shown to lower HbA,, levels by 1.6-1.9%. Repaglinide is 
available as Prandin™ in the United States, Actulin® in Canada, 
and NovoNorm® in Europe. Prandin was approved by the FDA in 
December 1997. 


Mechanism of Action 

Repaglinide binds a characterizable site on the B-cells in the 
pancreas and closes ATP-dependent potassium channels. The intra- 
cellular uptake of repaglinide is very limited; however, intracellular 
uptake is not required to stimulate insulin secretion.” Repaglin- 
ide’s activity is both dose-dependent and glucose-dependent. From 
in vitro studies utilizing mouse islet cells, it has been observed that 


FIGURE 32-3. Structure of repaglinide. 
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repaglinide was more potent at stimulating insulin secretion tha 
the oral sulfonylurea glyburide in the presence of moderate con 
centrations of glucose; however, in the absence of glucose, gly 
buride, but not repaglinide, stimulated insulin secretion. Althoug 
repaglinide and glyburide are equally potent as potassium channe 
blockers, the activity of repaglinide on the potassium channel di 
minishes as glucose concentrations rise from moderate to high.” I 
addition, repaglinide does not mimic a second action of glyburid 
on calcium-dependent insulin exocytosis. This secondary action a 
glyburide may explain why glyburide is more potent than repaglin 
ide at high glucose concentrations. Repaglinide is not effective i 
the absence of functioning 8 cells, as occurs in TIDM. 


Pharmacokinetics 

Repaglinide is administered orally and is rapidly and com 
pletely absorbed from the GI tract. The mean absolute bioavailabil 
ity is 56%, and peak plasma levels are achieved within | hour © 
administration. More than 98% of the drug is protein bound and i 
metabolized in the liver by the cytochrome P-450 enzyme syster. 
3A4. There are three major metabolites of the parent compounc 
but none of them have glucose-lowering activity. Elimination o 
repaglinide is also rapid, with a half-life of 1 hour. Approximatel 
92% of repaglinide and its metabolites is excreted in the feces, an 
the remaining 8% is eliminated in the urine. Caution should b 
used in patients with impaired hepatic function, and longer dosin, 
intervals should be used to assess the extent of glucose control ac 
curately. 


Clinical Use and Efficacy 

In a 24-week U.S. trial, 361 patients with T2DM were random 
ized to premeal treatment with placebo or repaglinide 1 or 4 mg. A 
6 months, repaglinide | or 4 mg decreased mean FPG values by 4 
and 49 mg/dL and HbA,, by 1.8—1.9%. In the placebo group, FP( 
increased by 19 mg/dL. There were no events of severe hypc 
glycemia, and nearly all those with hypoglycemic symptor 
episodes had blood glucose levels above 45 mg/dL.” 

In another U.S. study,” repaglinide was shown to provid 
glycemic control that was at least as effective and potentially safe 
than that provided by glyburide. In this prospective, 1-year, multi 
center, double-blind, randomized, parallel-group study, 576 pz 
tients with T2DM of at least 6 months’ duration were randomize 
to receive monotherapy with repaglinide or glyburide. Repaglinid 
Patients received a starting dose of 0.5 mg three times a da 
preprandially, adjusted as necessary to 1, 2, or 4 mg before break 
fast, lunch, and dinner. Glyburide patients received a starting dos 
of 2.5 mg before breakfast and increased as necessary to 10 mg bic 
The glucose-lowering effect of repaglinide was most pronounce 
in pharmacotherapy-naive patients, who showed rapid and marke 
decreases in mean HbA,, levels from baseline (9.4%) to month 
(7.6%) and month 12 (7.9%). Mean FPG levels also decrease 
overall in this group, from 222 mg/dL at baseline to 175 mg/dL : 
month 3 and to 188 mg/dL at month 12. At endpoint, morning C 
peptide levels had increased significantly in glyburide-treated pé 
tients compared with those treated with repaglinide, but mornin 
fasting insulin levels did not differ significantly between the tw 
groups. Repaglinide efficacy was sustained over | year and was nc 
influenced by age or gender. Overall safety and changes in lipi 
profile and body weight were similar with both agents. Howeve 
weight gain data for the subset of pharmacotherapy-naive patien! 
suggested that patients on repaglinide gained less weight tha 
those given glyburide. Thus, patients in this study using repaglinid 
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received the same therapeutic benefits as those using glyburide and 
may have received additional benefits. 

In addition to its efficacy when used as monotherapy, repaglin- 
ide is also useful as combination therapy. Several studies have doc- 
umented that combination treatment with repaglinide and met- 
formin provides superior glycemic control compared with 
monotherapy with either agent alone.’©”’ In combination with met- 
formin, HbA,, levels are further reduced by ~ 1.4% and FPG levels 
by ~40 mg/dL. 

Since repaglinide is quickly absorbed and has a short half-life, 
it may be advantageous in subjects who are prone to delayed or 
missed meals. Indeed, results from one study”? suggest that treat- 
ment with repaglinide in well-controlled T2DM patients who miss 
or delay a meal is superior to treatment with longer-acting sulfo- 
nylurea drugs (such as glyburide) with respect to the risk of hypo- 
glycemic episodes (Fig. 32-4). This double-blind randomized 
study was designed to compare diurnal blood glucose excursions 
and the effects of accidental dietary noncompliance in T2DM pa- 
tients who were well controlled on either repaglinide or glyburide 
treatment. Repaglinide was administered preprandially with each 
meal, and glyburide was administered in two daily doses before 
breakfast and dinner, regardless of whether lunch had been omit- 
ted. The diurnal blood glucose levels on a day in which three meals 
were eaten were compared between the two groups, and the mini- 
mum blood glucose concentration (BGmin) measurements were 
compared between lunch and dinner on days with three and two 
meals. Although the results showed no significant differences be- 
tween the repaglinide and glyburide groups in average blood glu- 
cose levels from fasting blood glucose, the influence on the mean 
BGmin Of omitting a meal differed significantly between the 
repaglinide and glyburide groups. In the latter group, BGmin de- 
creased from 77 to 61 mg/dL as a result of omitting lunch, whereas 
in the repaglinide group, BG,,;, was unchanged for the two-meal 
day (78 mg/dL) and the three-meal day (76 mg/dL). All hypo- 
glycemic events occurred in the glyburide group on the two-meal 
day, in connection with omitting lunch. No hypoglycemic events 
were recorded in the repaglinide group. 


Extrapancreatic Effects 
So far, there have been no studies on the extrapancreatic effects 
of repaglinide on insulin sensitivity or other parameters. 


Dosage 
Since repaglinide has a rapid and short-acting pharmacody- 
namic profile, it is most effective when given before meals. For 


FIGURE 32-4. The minimum blood glucose concentrations (BG) measured 
between lunch and dinner on days with 3 and 2 meals/day among patients 
in the repaglinide group and the glyburide group. *. p < 0.05 compared 
with glyburide. (Data from Damsbo et al.”°) 
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treatment-naive patients or patients whose HbA, is less than 8%, 
therapy may be initiated with a dose of 0.5 mg (immediately before 
a meal or 15 or 30 minutes prior to eating) and, depending on the 
response (aiming at postprandial glucose < 160 mg/dL), increased 
to 2 mg before meals up to four times a day. For patients who have 
taken oral hypoglycemic agents and whose HbA,, is >8%, a 
higher initial dose of 1 or 2 mg may be used prior to each meal. 
After each dose adjustment, at least 1 week should elapse to assess 
effectiveness. The maximum dose of repaglinide is 4 mg taken with 
every meal up to four times a day (total 16 mg in a 24-hour period). 
If a sulfonylurea agent is to be replaced by repaglinide, repaglinide 
should be started the day after the final dose of the other agent is 
given. Since overlapping effects are possible, close monitoring for 
hypoglycemia should be maintained for up to 1 week. If monother- 
apy alone fails to achieve glycemic goals, combination therapy 
with metformin (approved by the FDA) or with glitazones (not yet 
approved by the FDA) may be initiated. 


Patients with Hepatic Impairment 

Repaglinide is metabolized mainly in the liver, and its clear- 
ance is significantly reduced in patients with hepatic impairment. 
Also, hepatic disease can reduce gluconeogenic capacity, and 
hence repaglinide should be carefully administered in these pa- 
tients to avoid the risk of hypoglycemia. 


Patients with Renal Impairment 

Repaglinide is safe and well tolerated in subjects with varying 
degrees of renal impairment.” Although adjustment of starting 
doses of repaglinide is not necessary for renal impairment or renal 
failure, severe impairment may require more care when upward ad- 
justments of dosage are made. Hemodialysis does not significantly 
affect repaglinide clearance. 


Contraindications/Caution 

Repaglinide is contraindicated in patients with a known hyper- 
sensitivity to the drug and also in patients with T1DM, as it ts not 
effective in the absence of functioning pancreatic B cells. 

There are no adequate human studies regarding the effects of 
this drug on the fetus, and repaglinide is contraindicated in preg- 
nancy, as are all other oral antidiabetic agents. It is not known 
whether repaglinide is excreted in breast milk. Because of the pos- 
sibility of hypoglycemia in nursing infants, it is recommended that 
repaglinide not be used in women who are breastfeeding. 
Repaglinide has also not been studied in children and should not be 
used in them. In the elderly, debilitated, or malnourished, who are 
more susceptible to the hypoglycemic effects of repaglinide, the 
drug should be administered with caution and at lower initial 
doses. 


Side Effects 

Since repaglinide is an insulin secretagogue like the sulfo- 
nylureas, hypoglycemia is the most common side effect. During 
clinical trials, hypoglycemic occurrences due to repaglinide tended 
to be lower (16%) than those caused by sulfonylureas (20%). 
Proper patient selection, dosage, and instructions are important to 
avoid hypoglycemic episodes. Hypoglycemia may manifest as 
hunger, pallor, nausea/vomiting, fatigue, perspiration, headache, 
palpitations, numbness of the mouth, tingling in the fingers, 
tremors, muscle weakness, blurred vision, hypothermia, uncon- 
trolled yawning, irritability, mental confusion, sinus tachycardia, 
shallow breathing, and loss of consciousness. 
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After hypoglycemia, upper respiratory tract infections (16%) 
and headache (11%) are the two most common adverse reactions 
for repaglinide in clinical studies. Sinusitis and arthralgia were re- 
ported by 6% of the people, whereas GI disturbances such as nau- 
sea/vomiting, diarrhea, constipation, and dyspepsia were less com- 
mon. Back pain and chest pain were experienced by 5% and 3%, 
respectively. 


Drug Interactions 

Repaglinide is metabolized in the liver by the cytochrome P- 
450 enzyme CYP3A4. Drugs that are involved in the induction or 
suppression of this enzyme system may alter the expected hypo- 
glycemic action of this agent. The metabolism of repaglinide may 
be inhibited by antifungal agents such as ketoconazole or micona- 
zole, as well as antibacterial agents such as erythromycin. The re- 
sult of this enzyme inhibition is a greater hypoglycemic effect from 
repaglinide. On the other hand, hyperglycemia may occur in pa- 
tients taking repaglinide concomitantly with CYP3A4 inducers 
like barbiturates, carbamazepine, and rifampin. 

Highly protein bound agents may also potentiate the hypo- 
glycemic effects of repaglinide. These include beta blockers, chlo- 
ramphenicol, MAOIs, NSAIDs, probenecid, salicylates, sulfon- 
amides, and warfarin, which may lower serum glucose levels when 
used concomitantly with repaglinide. However, drug interaction 
studies in healthy volunteers demonstrate that repaglinide has no 
clinically relevant effect on the pharmacokinetic properties of 
digoxin, theophylline, or warfarin. The coadministration of cimeti- 
dine with repaglinide also did not significantly alter the absorption 
or disposition of repaglinide. 


Nateglinide (Starlix®) 


Nateglinide (a p-phenylalanine derivative) is a newly approved 
nonsulfonylurea insulin secretagogue; like repaglinide, it exerts its 
glucose-lowering effect through binding to the SUR receptor in the 
pancreatic B cells and closure of the Karp channels (Fig. 32-5). 
Like repaglinide, nateglinide’s pharmacokinetic features include 
rapid absorption and elimination. However, its unique faster kinet- 
ics may be explained by the relatively low binding affinity of the 
drug for the SUR receptor. 


Effects on Glycemia 

In a recent randomized, double-blind study, Horton and col- 
leagues’”* evaluated the efficacy and tolerability of nateglinide and 
metformin (alone and in combination) in patients with T2DM inad- 
equately controlled by diet (HbA,, level between 6.8% and 


11.0%). After a 4-week placebo run-in period, subjects received 24 


FIGURE 32-5. Structure of natcglinide. 
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weeks’ treatment with 120 mg nateglinide before meals (n = 179) 
500 mg metformin three times a day (n = 178), combination ther- 
apy (n = 172), or placebo (n = 172). At the end of the study. 
HbA,, was significantly reduced from baseline with nateglinide 
and metformin but was increased with placebo (—0.5, —0.8, and 
+0.5%, respectively). Combination therapy with nateglinide and 
metformin was additive with decreases in HbA,, of 1.4% and FPG 
of 43 mg/dL. In this study, after a Sustacal® challenge, there was a 
greater reduction in mealtime glucose with nateglinide monother- 
apy compared with metformin monotherapy or placebo. The au- 
thors of this study concluded that nateglinide and metformin 
monotherapy each improved overall glycemic control, but by dif- 
ferent mechanisms. Nateglinide decreased mealtime glucose lev- 
els, whereas metformin primarily affected FPG. In combination, 
nateglinide and metformin had complementary effects, improving 
HbA e FPG, and postprandial hyperglycemia. 


Extrapancreatic Effects 

In a recent study, Hu and coworkers” assessed the tissue 
specificity of nateglinide by examining its effect on Karp channels 
in rat tissue. Data from this study indicated that nateglinide has a 
300-fold greater selectivity for pancreatic Karp channels compared 
with cardiovascular K rp channels. This property may be of poten- 
tial benefit, since at concentrations effective in stimulating insulin 
secretion, nateglinide among the insulin secretagogues is least 
likely to cause detrimental cardiovascular effects via blockade of 
cardiovascular Kazp channels. 


BIGUANIDES 


Phenformin and metformin are oral biguanide agents (Fig. 32-6) 
that were introduced for the treatment of T2DM in the late 1950s.*° 
Phenformin was withdrawn from clinical use in the late 1970s be- 
cause of an association with lactic acidosis. The risk for lactic aci- 
dosis is considerably lower with metformin. Its use was continued 
in many other countries until it was approved for use in the United 
States in 1995 for the treatment of T2DM either as monotherapy or 
in combination with sulfonylureas, a-glucosidase inhibitors, or in- 
sulin. Subsequently, it has also been approved for use in combina- 
tion with rosiglitazone, pioglitazone, and repaglinide. 


FIGURE 32-6. Structure of metformin. 
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Mechanism of Action 


Although its mechanism of action has not been clearly determined, 
decreased hepatic gluconeogenesis is thought to be the primary 
therapeutic effect of metformin in T2DM.™ In addition, metformin 
appears to improve utilization of glucose in skeletal muscle and 
adipose tissue by increasing cell membrane glucose transport. This 
effect may be due to improved binding of insulin to insulin recep- 
tors since metformin is not effective in diabetics without some 
residual functioning pancreatic islet cells.*° Another effect of met- 
formin that may contribute to its glucose-lowering properties is its 
ability to decrease fatty acid oxidation.*° Other mechanisms may 
include decreased intestinal glucose absorption; however, this has 
only been observed in animals.*° Thus, in insulin-resistant patients 
with T2DM, metformin increases insulin sensitivity by both de- 
creasing hepatic glucose output and enhancing peripheral glucose 
uptake. It has no direct effects on insulin secretion*”*! and hence, 
in contrast to sulfonylureas, which have a hypoglycemic effect, 
metformin does not generally cause hypoglycemia when given 
alone. In clinical practice, metformin demonstrates more of an 
anti-hyperglycemic action than a hypoglycemic action. Unlike 
phenformin, metformin does not inhibit the mitochondrial oxida- 
tion of lactate unless plasma concentrations of metformin become 
excessive (i.e., in patients with renal failure) and/or hypoxia is 
present.” 

In a recent study, 3 months of metformin treatment reversed 
the increased activity of lymphocyte plasma cell differentiation 
antigen (PC-1) found in T2DM.*? PC-1 is an inhibitor of insulin re- 
ceptor tyrosine kinase activity and has been implicated in the 
pathogenesis of insulin resistance in T2DM. Data from this study 
were consistent with a role of PC-1 in insulin resistance and sug- 
gest a new mechanism of action for metformin via PC-1 inhibi- 
tion." 


Pharmacokinetics 


The bioavailability of metformin is 50-60%. Food decreases the 
extent and slightly delays the absorption of metformin; however, it 
should be taken with meals.®° Metformin is distributed rapidly into 
peripheral body tissues and fluids and appears to distribute slowly 
into erythrocytes and to a deep tissue compartment (most likely GI 
tissues). The highest concentrations of metformin are found in the 
GI tract (10 times the concentrations in the plasma) and lower con- 
centrations in the kidney, liver, and salivary gland tissue. Met- 
formin does not bind to liver or plasma proteins. It is not metabo- 
lized by the liver, which may explain why the risk of lactic acidosis 
is much less for metformin than for phenformin.®! Metformin is ex- 
creted by the kidneys, largely unchanged, through an active tubular 
process. Approximately 30% of an oral dose is excreted in the 
feces, presumably as unabsorbed metformin, and about 90% of a 
dose is excreted by the kidneys within 24 hours. The plasma half- 
life is approximately 6.2 hours, and the blood half-life is approxi- 
mately 17.6 hours in patients with normal renal function. Half-life 
is increased in patients with renal impairment. Metformin is re- 
moved with hemodialysis. 


Clinical Use and Efficacy 


Metformin is approved for use as monotherapy and also in combi- 
nation with sulfonylureas, repaglinide, a-glucosidase inhibitors, 
and glitazones. Several controlled clinical studies of metformin 


monotherapy have demonstrated significant reductions in both fast- 
ing blood glucose levels (60-70 mg/dL) and HbA. levels (1-2%) 
compared with placebo in patients poorly controlled by diet 
alone.***! The efficacy of metformin in reducing plasma glucose 
levels in a predominantly overweight population is comparable to 
that seen with sulfonylureas.**-***° Because of its potential to ame- 
liorate insulin resistance, prevent weight gain, and improve lipid 
levels, metformin may be best suited for initial monotherapy in 
obese patients with more severe insulin resistance and dyslipi- 
demia. In these patients, metformin does not cause weight gain 
and, in fact, may cause a modest weight loss due to drug-induced 
anorexia. Metformin also decreases plasma VLDL triglycerides, 
resulting in modest decreases in plasma triglycerides and total cho- 
lesterol. Patients receiving metformin show significant improve- 
ment in FPG and HbA,, levels and a tendency toward improvement 
in the lipid profile, especially when baseline values are abnormally 
elevated. 

When monotherapy alone does not result in acceptable 
glycemic control, metformin should be combined with a sulfo- 
nylurea and/or other oral antidiabetic oral agents. In 423 patients 
failing sulfonylurea treatment (FPG 249 mg/dL), the addition of 
metformin decreased the FPG by 63 mg/dL and the HbA), value by 
1.7%.*° Nearly 25% of these patients whose disease was poorly 
controlled achieved an HbA,,. value of <7% with the addition of 
metformin therapy. These results indicate that the hypoglycemic 
action of metformin is additive to that of the sulfonylureas. In sul- 
fonylurea-treated patients with T2DM who do not achieve optimal 
control or who experience secondary failure, it is important not to 
discontinue sulfonylurea therapy, but to add metformin. Discontin- 
uation of sulfonylurea therapy and substitution of metformin will 
not decrease the FPG below that observed with sulfonylurea 
monotherapy alone. The sulfonylurea is continued with metformin 
to maintain its effect on pancreatic insulin secretion. 

Although primarily thought of as a drug for the overweight, it 
should be noted that, as with sulfonylureas, glycemic improvement 
is also demonstrated in patients who are not obese.*°*! 


Effects on Insulin Sensitivity 


In addition to improving glycemia, metformin has been shown to 
have insulin-sensitizing effects in humans using the hyperinsuline- 
mic glucose clamp technique. Most studies have documented an 
increase of ~20—30% in insulin-mediated glucose uptake. This in- 
crease in glucose uptake is mainly due to stimulation of nonoxida- 
tive glucose disposal (primarily glycogen synthesis).°! However, as 
an insulin sensitizer, metformin is less potent than the glitazones in 
stimulating insulin-mediated glucose uptake into muscle tissue. In 
a head-to-head comparison, after 3 months of therapy, despite 
equivalent glucose lowering, the mean rate of glucose disposal in- 
creased by 54% during troglitazone therapy and 13% during met- 
formin therapy. Endogenous glucose production, however, de- 
creased during metformin therapy by a mean of 19%, whereas it 
was unchanged by troglitazone therapy” (Fig. 32-7). 


Effects on Insulin Secretion 


In clinical studies, metformin does not appear to have a direct ef- 
fect on B-cell function. In metformin-treated patients with dia- 
betes, both fasting and postprandial insulin levels decrease, *°*! 
secondary to the normal compensatory response of the pancreas to 
lower prevailing glucose levels and enhanced insulin sensitivity. 
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FIGURE 32-7. Maximum glucose disposal rate (Rd) obtained during the 
hyperinsulinemic clamp technique, before and after 3 months of therapy 
with metformin and troglitazone. *. p = 0.006: **, p = 0.03. (Data from In- 
zucchi et al.””) 


Also, studies to date with the hyperglycemic clamp technique have 
failed to demonstrate any effect of metformin on either total insulin 
secretion or first- or second-phase insulin secretion in patients with 
T2DM. Some studies during an oral glucose tolerance test (OGTT) 
have demonstrated an increase in insulin secretion after metformin 
treatment.”' However, these increases in insulin secretion have 
been small and probably secondary to amelioration of glucose 
toxicity. 

A recent report notes a direct effect of metformin on pancre- 
atic B cells. Patane and colleagues” demonstrated that in rat pan- 
creatic islets whose secretory function has been impaired by 
chronic exposure to elevated free fatty acids (FFAs) or glucose 
levels, metformin was able to restore the intracellular abnormali- 
ties of glucose and FFA metabolism and to restore a normal se- 
cretory pattern. These data raise the possibility that, in diabetic 
patients, metformin (in addition to its peripheral effects) may have 
a direct beneficial effect on B-cell secretory function.” Interest- 
ingly, metformin treatment has also been shown to lower concen- 
trations of intact and des 31,32 proinsulin in T2DM.”* These mol- 
ecules have been postulated to play a role in the development of 
atherosclerosis, and the long-term effect of metformin treatment 
on proinsulin-like molecules and atherogenesis needs to be as- 
sessed further. 


Effects on Weight 


Unlike the insulin secretagogues and the thiazolidinediones, met- 
formin therapy does not result in weight gain in patients with 
T2DM who receive metformin alone or in combination with other 
oral agents or insulin.*!**-°495 Most studies show modest weight 
loss (2-3 kg) during the first 6 months of treatment.*' Metformin 
therapy is also associated with weight loss in nondiabetic sub- 
jects.” The exact mechanisms by which metformin prevents 
weight gain or induces weight loss have not been determined. Sev- 
eral mechanisms have been postulated by which metformin might 
prevent weight gain or induce weight loss. These include a de- 
crease in food consumption, increase in energy expenditure, and 
reduction of hyperinsulinemia.’ Some animal studies suggest an 
anorectic effect, but in human studies, it has not been possible to 
differentiate between a central effect of metformin in decreasing 
calorie intake versus an increase in energy expenditure.” Inciden- 
tally, in nondiabetic and polycystic ovary syndrome (PCOS) sub- 
jects, metformin therapy is associated with a reduction in leptin 
levels and restoration of menses.””-” 
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Effects on Lipids 


In addition to its glycemic effects, metformin is known to have { 
vorable effects on plasma lipids, in both diabetic and nondiabet 
subjects.” As monotherapy, metformin decreases plasma trigly 
eride and LDL cholesterol levels by 10-15%! '"' and also 1 
duces postprandial hyperlipemia, plasma FFA levels, and FFA o 
dation. The decrease in plasma triglyceride concentration 
independent of changes in the plasma glucose level since me 
formin reduces triglyceride levels in nondiabetic patients with h 
pertriglyceridemia.'””'"' Metformin therapy does not appear to a 
fect HDL cholesterol levels consistently, which either do n 
change or increase slightly after metformin therapy.”' 


Effects on Blood Pressure 


In some clinical studies, metformin treatment has been associate 
with a modest drop in blood pressure in patients with T2DM. 
However, most studies have failed to demonstrate any decrease 
systemic blood pressure with metformin treatment.”! 


Effects on Other Cardiovascular Risk Factors 


Insulin resistance is known to be associated with a hypercoagulab 
state!" and an increase in many cardiovascular risk factors, inclu 
ing PAI-1. Metformin has many beneficial effects on cardiovasci 
lar risk factors.**'*'™ Elevated PAI-1 levels are decreased wil 
metformin therapy in patients with and without diabetes.”! In tł 
French Biguanides and the Prevention of the Risk of Obesi! 
(BIGPRO) | trial, metformin therapy also reduced tissue-type pla 
minogen activator (tPA) antigen and von Willebrand factor (vW1 
levels. These two factors are mainly secreted by endothelial cell 
and metformin therapy appeared to have suppressive effects on tł 
production or metabolism of these two hemostatic proteins.'”* ] 
another 18-month study, metformin treatment in elderly T2DM p: 
tients was associated with significant reductions in markers < 
platelet function, thrombin generation, and fibrinolysis inhibitic 
(PAI-1 activity, PAI-1 antigen).'°° However, in this study, increas 
in some fibrinolytic activation markers (tPA and antithrombi 
(AT)-III; p < 0.01) were also observed. 


Effects on Cardiovascular Disease 


The long-term effects of metformin on serum lipids and oth 
metabolic risk factors appear to have cardiovascular benefits. In tF 
UKPDS, metformin therapy in obese, newly diagnosed patien 
with T2DM was associated with a significant decrease in cardic 
vascular and all-cause mortality.'°’ Whether this benefit with me 
formin treatment was due to the absence of weight gain or oth 
beneficial effects on the metabolic syndrome of diabetes remains | 
be determined. It must also be remembered that in the UKPD! 
when metformin treatment was added in patients who had faile 
sulfonylurea therapy, there was a significant and paradoxic i 
crease in cardiovascular and all-cause mortality (Fig. 32-8). Th 
question was addressed in a subsequent analysis by Turner and co 
leagues, '° who found that all the relative increase in mortalit 
observed in the patients who received sulfonylurea plus metformi 
compared with those who received sulfonylurea alone resulte 
from a significant reduction in the expected number of deaths in tt 
latter group; there was no increase in mortality in the sulfonylure 
plus metformin group. In absolute terms, the number of fatal hea 
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FIGURE 32-8. Risk reduction with metformin monotherapy and in combi- 
nation with sulfonylureas in the UKPDS. MI, myocardial infarction. (Data 
from Turner et al.) 


attacks actually decreased in the sulfonylurea plus metformin 
group compared with the expected number of deaths.'°* The in- 
vestigators also performed a meta-analysis of all patients receiving 
sulfonylurea plus metformin in the UKPDS and reported signifi- 
cant reductions in all diabetes-related endpoints and for myocardial 
infarction. 


Effects on PCOS 


Women with PCOS are characterized by chronic anovulation and 
infertility due to excessive androgen production. There is evidence 
to suggest that this hyperandrogenism may be secondary to insulin 
resistance and chronic hyperinsulinemia.' Several, but not all, 
studies have shown that in patients with PCOS, metformin im- 
proves glucose tolerance and insulin sensitivity and also normal- 
izes plasma sex hormone binding and free testosterone levels.'°:'!° 
In a recent study in 43 amenorrheic women with PCOS, metformin 
treatment for 6 months was found to reduce the endocrinopathy of 
PCOS and allow resumption of normal menses in most (91%) pre- 
viously amenorrheic women with PCOS.” 


Effects on Prevention of Type 2 Diabetes 


Most patients with T2DM have impaired glucose tolerance (IGT) 
for several years before progressing to diabetes. Persons with IGT 
tend to have both insulin resistance and B-cell dysfunction; their 
FPG values during a 75-g OGTT are =140 mg/dL, and their 2-hour 
postglucose values are between 140 and 199 mg/dL.''! Metformin 
is known to improve insulin sensitivity, lower plasma insulin levels 
and blood pressure, and improve lipid profiles in nondiabetic 
insulin-resistant individuals.”!"''? Hence, metformin therapy is one 
of the arms of the Diabetes Prevention Program, which is a large ran- 
domized placebo-clinical trial being conducted by the NIH to deter- 
mine whether it is possible to prevent or delay the development of 
T2DM in high-risk individuals with IGT using intensive lifestyle 
measures or pharmacologic treatment. The study recruitment of 
3000 subjects®> was completed in 2002°™ with a 31% reduction in 
the incidence of T2DM after 3 years of treatment with metformin. 


Metformin should be taken with meals, and the starting dose (500 
or 850 mg with breakfast or 500 mg with breakfast and dinner) and 


be increased slowly at weekly or biweekly intervals to minimize GI 
side effects.” Metformin lowers fasting plasma glucose and HbA,, 
in a dose-related manner, and although benefits are observed at 
lower doses, significant glycemic responses to metformin are usu- 
ally seen at doses of approximately 1500 mg/day or greater. Data 
from one study suggest that most patients will achieve maximal ef- 
ficacy at a daily dosage of 2000 mg (1000 mg bid), although some 
patients may achieve additional benefit if the dosage is increased to 
2500 mg.” The maximum daily dose of metformin is 2550 mg. 
Doses above 2000 mg daily may be better tolerated when given 3 
times a day with meals. The glycemic goal should be an FPG = 
120 mg/dL and HbA,, < 7%. If adequate glycemic control is not 
achieved with maximum doses of metformin (HbA i; > 8%), com- 
bination therapy should be considered. 


Side Effects 


Adverse GI effects are seen in approximately 30% of patients 
taking metformin. These include anorexia, nausea/vomiting, ab- 
dominal discomfort, dyspepsia, flatulence, diarrhea, and metallic 
taste. These side effects tend to decline with continued use and 
can be minimized by initiating therapy with low doses of met- 
formin. The risk of hypoglycemia is much less common with 
metformin than with the sulfonylureas.*” However, hypoglycemia 
has been reported with metformin.®° Since metformin reverses 
insulin resistance, and subsequently causes a decrease in insulin 
concentrations, metformin-induced hypoglycemia is usually mild 
and does not necessitate the discontinuation of therapy. Hypo- 
glycemia is more common when metformin is coadministered 
with other oral hypoglycemic agents or when there is deficient 
caloric intake or strenuous exercise not compensated by caloric 
supplementation. Asymptomatic vitamin B,» deficiency was re- 
ported with metformin monotherapy in 9% of patients during 
clinical trials. Serum folic acid concentrations did not decrease 
significantly. Five cases of megaloblastic anemia have been re- 
ported with metformin (none in the United States). Annual 
screening for hematologic changes is recommended during ther- 
apy with metformin. Weight loss may occur during therapy with 
metformin, perhaps as a result of its ability to cause anorexia. In 
contrast, sulfonylureas and insulin tend to cause weight gain. Up 
to 5% of patients cannot tolerate metformin and require discon- 
tinuation of this medication. 


Contraindications/Caution 


Since metformin is largely eliminated unchanged in the urine via 
glomerular filtration and tubular secretion, it is contraindicated in 
patients with renal disease or renal impairment (serum creatinine 
> 1.5 mg/dL in men and > 1.4 mg/dL in women). In patients with 
reduced muscle mass, such as elderly patients (especially those 
older than 80 years of age), the serum creatinine concentration may 
underestimate the glomerular filtration rate, and creatinine clear- 
ance should be determined. If the creatinine clearance is <70 
mL/min, metformin should not be given.” Renal dysfunction also 
increases the risk of adverse reactions such as lactic acidosis from 
metformin. Lactic acidosis can also occur in patients predisposed 
to lactic acidosis such as those with hepatic disease, cardiac disease 
(e.g., heart failure or acute myocardial infarction), severe infection, 
severe trauma, dehydration, severe bums, hyperosmolar nonketotic 
coma, major surgery, or alcoholism. Metformin is contraindicated 
in these patients.” 
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Metformin should also not be used in diabetic patients with 
congestive heart failure requiring pharmacologic therapy because 
in this situation, decreased renal perfusion and glomerular filtration 
rate can impair metformin excretion. Metformin should also be 
withheld at the time of or prior to the performance of x-ray proce- 
dures involving intravenous radiographic contrast agents because 
of an increased risk of renal impairment and possible lactic acido- 
sis. Metformin should be reinstituted only after renal function has 
been reevaluated after 48 hours and found to be normal. In addi- 
tion, caution should be used in patients with blood glucose levels 
persistently >300 mg/dL, since this level of hyperglycemia can 
impair kidney function.!! 

The safety of metformin in pregnant and lactating women has 
not been established. In one report of metformin use in pregnancy 
from South Africa, the neonatal mortality rate was lower in patients 
receiving metformin than in mildly diabetic controls.''* In another 
report, slightly higher incidences of polycythemia and necrotizing 
enterocolitis were noted in the metformin group, and the most fre- 
quently encountered problems in the neonate were jaundice, poly- 
cythemia, and hypoglycemia.''* 

Recently, metformin has received approval from the FDA for 
use in adolescents with T2DM. 


Drug Interactions 


Cimetidine decreases the renal clearance of metformin secondary 
to a decrease in metformin renal tubular secretion. However, met- 
formin has little effect on the pharmacokinetics of cimetidine. 
Other cationic drugs that are excreted via renal tubular transport 
may also interfere with the clearance of metformin. These drugs in- 
clude amiloride, digoxin, morphine, procainamide, quinidine, qui- 
nine, ranitidine, triamterene, trimethoprim. and vancomycin. Con- 
comitant administration of furosemide increases plasma metformin 
concentrations without any significant change in metformin renal 
clearance. On the other hand, metformin decreases furosemide 
plasma and blood maximum concentrations by 31% and 12%, re- 
spectively. Furosemide’s terminal half-life was also decreased by 
32% without any significant change in renal clearance. Nifedipine, 
and possibly other calcium channel blockers, increases the absorp- 
tion of metformin. Although the clinical implications of these inter- 
actions are minimal, patients on the above drugs and metformin 
should be closely monitored. 

Metformin can also inhibit the absorption of cyanocobalamin 
(vitamin B,2) by competitively blocking the calcium-dependent 
binding of the intrinsic factor-vitamin B,. complex to its receptor. 
Patients should be monitored for possible development of anemia. 


a-GLUCOSIDASE INHIBITORS 


There are two a-glucosidase inhibitors currently marketed in the 
United States, acarbose (Precose®) and miglitol (Glyset®) (Fig. 
32-9) The first, acarbose, was approved in the United States in 
1995 for use as monotherapy or in combination with insulin, met- 
formin, or sulfonylureas. Miglitol was approved by the FDA in De- 
cember 1996 but was not marketed until mid-1999. Miglitol is only 
approved for use as monotherapy and in combination with sulfo- 
nylureas. At recommended doses, both agents have only modest ef- 
fects on HbA,, levels (mean 0.5-1.0% reductions). a-Glucosidase 
inhibitors are suitable alternatives in patients with mild to moderate 
hyperglycemia (especially postprandial hyperglycemia) and, be- 
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FIGURE 32-9. Structure of miglitol. 


cause of their relative safety, are often useful as monotherapy in tl 
elderly T2DM patient. In addition, although not FDA-approved f 
T1DM, acarbose has been utilized as an adjunct to insulin theray 
to reduce postprandial plasma glucose levels in these patients. 


Mechanism of Action 


Acarbose and miglitol are potent inhibitors of the a-glucosida. 
enzymes present in the brush border of the enterocytes located 

the proximal portion of the small intestine.''*''? Although tl 
mechanisms of action for the a-glucosidase inhibitors are simil: 
they are not identical. Both agents significantly inhibit glycoam: 
lase, followed by sucrase, maltase, and dextranase. Howeve 
miglitol is a more potent inhibitor of sucrase and maltase than 
acarbose. Both drugs also inhibit isomaltase but, in contrast 

acarbose, miglitol does not inhibit pancreatic a-amylase. The ink 
bition of sucrase (which prevents the conversion of sucrose to fru 
tose and glucose), glycoamylase, maltase, and isomaltase results 
delayed carbohydrate digestion and absorption throughout ti 
small intestine. Clinically, this leads to delayed intraluminal pri 
duction of monosaccharides (i.e., glucose), delayed and prolonge 
postprandial rises in plasma glucose, and a blunted plasma insul 
response. In addition to the above actions, miglitol (but not aca 
bose) interacts weakly with the intestinal sodium-dependent gl! 
cose transporter, but this does not appear to affect the physiolog 
absorption of glucose clinically. Miglitol (unlike acarbose) al: 
minimally inhibits the lactase enzyme, but this does not produs 
clinical lactose intolerance. When used as monotherapy, bo 
agents do not enhance insulin secretion and in overdose will not r 
sult in hypoglycemia. 


Pharmacokinetics 


The two agents differ significantly in their rate of systemic absor 
tion. Systemic absorption of active acarbose is only about 2 
whereas after oral administration of a 25-mg dose of miglitol, the 
is rapid and nearly complete systemic absorption of the drug. Lo 
systemic absorption of acarbose is therapeutically desirable, sin 
the drug acts locally in the GI tract. Acarbose is metabolized with 
the GI tract, and metabolism occurs principally by intestinal micr 
bial flora, intestinal hydrolysis, and the activity of digestive e: 
zymes. At least 13 metabolites have been identified, with approx 
mately 34% of the major metabolite fractions being absorbe 
systemically and appearing in the urine as sulfate, methyl, and gh 
curonide conjugates. One metabolite has a-glucosidase-inhibito! 
effects. This active metabolite, along with the parent compound, 
recovered in the urine and accounts for about 2% of the tot 
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administered dose. Plasma elimination half-life of acarbose is 
about 2 hours in healthy adults, and most of an oral dose (~51%) is 
excreted through the feces. 

Unlike acarbose, miglitol is systemically absorbed via a jejunal 
transport mechanism similar to that of glucose absorption. Oral ab- 
sorption of miglitol is saturable at high doses; only 50-70% of a 
100-mg dose is systemically absorbed. There is no evidence at this 
time that systemic absorption is required for miglitol activity, but it 
appears that miglitol concentrates in intestinal enterocytes to ex- 
hibit its action locally in the GI tract.''’ The drug distributes pri- 
marily into extracellular fluid and is minimally protein-bound. Un- 
like acarbose, miglitol is not metabolized in any way and is 
excreted unchanged by the kidneys. More than 95% of a 25-mg 
dose is recovered in the urine within 24 hours; at higher doses, the 
cumulative percentage recovered is somewhat less due to lower 
bioavailability of the higher doses. The plasma elimination half-life 
of miglitol is about 2 hours in healthy adults. In patients with se- 
vere renal impairment (i.e., CrCl < 25mL/min), both acarbose and 
miglitol attain systemic peak and AUC concentrations that are 
roughly 5-6 times and 2 times higher, respectively, than in patients 
with normal renal function. Thus patients with renal failure are ex- 
pected to accumulate both drugs to some degree. The pharmacoki- 
netics of acarbose have not been studied in patients with cirrhosis. 
Because miglitol is not metabolized by the liver, the pharmacoki- 
netics in patients with cirrhosis are not altered. For both drugs, no 
significant differences in pharmacokinetics have been observed 
based on age, race, or gender. 


Clinical Use and Efficacy 


Acarbose is approved for use as monotherapy or in combination 
with insulin, metformin, or sulfonylureas.''®''” Miglitol is only ap- 
proved for use as monotherapy and in combination with sulfo- 
nylureas. To be maximally effective, both drugs must be adminis- 
tered at the start of a main meal. This is because they are 
competitive inhibitors and must be present at the site of enzymatic 
action at the same time the carbohydrates are present in the small 
intestine. The affinity of the a-glucosidase inhibitors for the a- 
glucosidase receptors is much greater than that of the oligo- or dis- 
accharides in foods. Taking the medication before or more than 15 
minutes after the start of the meal reduces the impact of the med- 
ication on postprandial blood glucose. Also, to be clinically effec- 
tive, the patient must be consuming a diet high in complex carbo- 
hydrates (roughly = 50% of calories)” since the glycemic 
response to acarbose and miglitol is dependent on the carbohydrate 
content of the diet. Several randomized, double-blind, placebo- 
controlled trials have demonstrated that the addition of acarbose or 
miglitol to diet therapy significantly reduces postprandial glucose 
and HbA,, levels compared with placebo.''~'?? Monotherapy with 
these agents lowers mean postprandial glucose levels by ~40-60 
mg/dL and mean fasting glucose levels by 10—20 mg/dL; overall, 
mean HbA,, levels are reduced 0.5-1.0%''*'”? Fig. 32-10. 

In combination therapy with sulfonylureas, metformin, and in- 
sulin, acarbose further reduces mean HbA, between 0.3 and 0.5% 
and mean postprandial glucose between 25 and 30 mg/dL from 
baseline.'?*"'?> Miglitol in combination therapy with sulfonylureas 
reduces mean HbA,, by 0.7% and mean 1-hour postprandial glu- 
cose by ~60-70 mg/dL. Compared with sulfonylureas or met- 
formin, acarbose and miglitol possess less potent effects on fasting 
glucose and are typically reserved for use as monotherapy in pa- 
tients with mild-to-moderate hyperglycemia, particularly postpran- 
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FIGURE 32-10. Mean changes in fasting glucose (FPG), post-prandial glu- 
cose (PPG) and HbA, C in acarbose- and miglitol-treated patients. (Data 
from refs. 116-122.) 


dial hyperglycemia. In addition, the absence of hypoglycemia with 
these agents when used as monotherapy makes them particularly 
useful and relatively safe in elderly T2DM patients. !”° 


Effects in Type 1 Diabetes 


Although a-glucosidase inhibitors are not FDA-approved for use 
in T] DM, acarbose has been utilized in these patients as an adjunct 
to insulin therapy to reduce postprandial plasma glucose lev- 
els.'™™!?® Riccardi and colleagues'*” evaluated the efficacy and 
safety of acarbose in the treatment of TDM in a placebo- 
controlled, double-blind, multicenter Italian study. After a 6-week 
run-in, 121 patients with TIDM were randomized to acarbose or 
placebo and to a high- or low-fiber diet for 24 weeks. The acarbose 
dose was 50 mg tid for the first 2 weeks and 100 mg tid for the sub- 
sequent weeks. At the end of 24 weeks of treatment, an intention-to- 
treat analysis showed that acarbose decreased 2-hour postprandial 
plasma glucose levels (220 + 15 mg/dL versus 268 + 15 mg/dL; 
F = 6.1, p < 0.02) compared with placebo. There was no signifi- 
cant effect of acarbose on HbA,, or the number of hypoglycemic 
episodes. Interestingly, in this study, the effect of acarbose on 
blood glucose control was not influenced by the amount of carbo- 
hydrate and/or fiber intake. As expected, the incidences of adverse 
GI events were 75% and 39% in acarbose and placebo groups, re- 
spectively. The authors concluded that acarbose in combination 
with insulin reduces postprandial plasma glucose levels in T2DM 
patients who are not satisfactorily controlled with insulin alone. 

In another double-blind, placebo-controlled, crossover study, 
Koch and associates!” investigated in a German study whether 
acarbose therapy enables patients with T1DM to administer insulin 
injections at the same time as meals without adverse glycemic con- 
sequences, thus negating the need for an injection-meal interval 
(IMI). Results from this study provided strong evidence that acar- 
bose prevents the marked increase in postprandial glucose level 
normally observed when regular insulin is administered with, 
rather than before, a meal. Acarbose may thus be useful for patients 
with TIDM who find IMIs inconvenient. 


Effects on Insulin Sensitivity 


Although studies in animal models suggest that long-term treat- 
ment with an a-glucosidase inhibitor (miglitol) improves insulin 
sensitivity and may have vascular protective effects in obese 
insulin-resistant rats,'”? studies in human insulin-resistant T2DM 
subjects using the insulin/glucose clamp method have yielded con- 
flicting results. One study showed that miglitol-induced improve- 
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ment in postprandial hyperglycemia was not associated with im- 
proved insulin sensitivity, whereas in a recent study, acarbose at 
up to 300 mg daily for 12 months was associated with significant 
improvements in insulin sensitivity as measured by the hyper- 
glycemic clamp technique and by homeostasis model assessment 
(HOMA) along with reduced glycemia. 3 


Effects in Reactive Hypoglycemia and the 
Dumping Syndrome 


a-Glucosidase inhibitors appear to have beneficial effects in people 
with reactive hypoglycemia and those with the dumping syndrome. 
In one study!?! of 21 nonobese patients (6 males, 15 females) with 
reactive hypoglycemia, acarbose treatment for 3 months blunted 
post-OGTT increases in insulin and C-peptide levels and reduced 
the frequency of hypoglycemic attacks from four times a week to 
one. Similar beneficial effects were reported in another study.'*” 


Cardiac Effects 


In rabbits,'** miglitol appears to have a dose-dependent effect on 
reducing myocardial infarct size. Inhibition of glycogenolysis and 
lactate formation has been suggested to be the responsible mecha- 
nism. As yet, there are no human studies in this field. 


Effects on Weight 


Due to polysaccharide metabolism by colonic microflora and the 
capacity of the large bowel to conserve calories, there is minimal 
calorie loss associated with acarbose and miglitol therapy. Hence, 
in clinical practice, dramatic weight loss is not commonly associ- 
ated with acarbose or miglitol therapy (in contrast to animal stud- 
ies). Weight loss, if it occurs, is typically mild (i.e., 0.8-1.4 kg 
over | year in clinical studies). In humans, acarbose and miglitol 
also appear to offset the insulinotropic effects and weight gain as- 
sociated with sulfonylurea treatment when they are added to com- 
bination therapy.''’ The exact metabolic or pharmacologic mecha- 
nism(s) responsible for a-glucosidase-induced weight loss 
remains unknown. 


Effects on Lipids 


In some studies, a-glucosidase inhibitors are associated with de- 
creases in triglyceride levels.'!” '*4> In a study from Japan'™ of 
20 patients with T2DM, acarbose not only inhibited the postpran- 
dial increase of both plasma glucose and insulin but also signifi- 
cantly suppressed the postprandial increase of serum triglycerides 
and serum remnant-like cholesterol particles. In addition, acarbose 
inhibited the postprandial decline of apolipoprotein C-II, and de- 
creased postprandial serum apolipoprotein C-III levels. There is 
also evidence that acarbose may reduce triglyceride levels in non- 
diabetics, and the drug may be a useful adjunct to dietary therapy 
in nondiabetic patients affected by severe hypertriglyceridemia.'** 


Prevention of Type 2 Diabetes 


Currently, an international study (the STOP-NIDDM Trial) is eval- 
uating the efficacy of an a-glucosidase inhibitor to prevent or delay 
the development of T2DM in a population with impaired glucose 
tolerance (IGT) who are at increased risk of developing T2DM.'*° 
A total of 1418 subjects diagnosed with IGT according to the 
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World Health Organization’s criteria with an FPG of =1001 
will be randomized in a double-blind fashion to receive either 
bose (100 mg tid) or placebo for a median follow-up period 

years. The primary endpoint is the development of T2DM 
nosed using a 75-g OGTT according to the current diagnostic 
ria. The secondary endpoints are changes in blood pressure, 
profile, insulin sensitivity, cardiovascular events, and morph: 
ric profile. The study is ongoing and hopefully may answc 
question of whether acarbose can prevent or delay the progre 
of IGT to T2DM. 


Dosage 


Acarbose and miglitol are administered with the first bite of 
main meal. If patients do not have oral dietary intake, they sł 
not take these agents. To minimize GI side effects, both acai 
and miglitol should be started at 25 mg po 3 times per day, | 
with the first bite of each main meal. To reduce GI side effect: 
ther, some patients may benefit from an initial dose of 25 mr 
once daily for | week, titrated up as tolerated to 25 mg po 
times per day. After 4-8 weeks of the 25-mg po three times 
dose, the dosage may be increased if needed to 50 mg po 
times daily. One-hour postprandial glucose levels throughout t 
ment and an HbA,, level at 3 months should be used to deter. 
response to therapy. If at 3 months the HbA,, level is not sati 
tory, the dose may be titrated to the maximum recommended 
of 100 mg po three times per day. The usual maintenance 
range is 50-100 mg po three times per day. One-hour postprai 
glucose levels should be used to determine response to therapy 
to titrate dose. In adults weighing <60 kg, the maximum rec 
mended dose of acarbose is 50 mg tid. Patients who do not rest 
to monotherapy should be changed to another form of therap 
considered for oral combination therapy in order to achieve ¢ 
mal glycemic goals. 


Patients with Renal Impairment 


There is no experience with either acarbose or miglitol in pati 
with serum creatinine >2 mg/dL, and treatment of these pati 
with acarbose or miglitol is not recommended. 


Contraindications 


Acarbose and miglitol are contraindicated in patients with infi. 
matory bowel disease, colonic ulceration, ileus, partial or predis 
sition to GI obstruction, or GI disease involving disorders of 
sorption or digestion. Both drugs should be used cautiously 
patients with hiatal hernia or other conditions that might be exa 
bated by increased formation of gas. If a patient has poor oral 
take, continual vomiting, or diarrhea, acarbose and miglitol ther: 
should be withheld until adequate oral dietary intake resun 
Since miglitol elimination is dependent on glomerular filtrati 
the drug may accumulate in patients with renal impairment. He 
the drug should not be used in patients with CrCl < 25 mL/mi 
serum creatinine = 2.0 mg/dL. Acarbose is contraindicated for 
in patients with cirrhosis. If hepatic enzyme elevations occur c 
ing acarbose therapy, dose reduction or discontinuation of acarb 
may be necessary, particularly if such elevations persist. Howe’ 
there are two studies whose results document the good tolerabi 
and efficacy of acarbose therapy in patients with chronic li 
disease." 
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Acarbose and miglitol have not been studied in pregnancy and 
should not be used in pregnant or lactating women. The safety and 
effectiveness of acarbose and miglitol in children have not been 
established. 


Side Effects 
Hypoglycemia 


When used as monotherapy, acarbose and miglitol do not en- 
hance insulin secretion and hence in overdose do not cause hypo- 
glycemia. However, when these agents are used in combination 
with insulin or other insulin secretagogues (sulfonylureas or 
repaglinide), hypoglycemia may occur. It is important to remember 
that this hypoglycemia associated with the use of acarbose or 
miglitol plus insulin or a insulin secretagogue should be treated 
with oral glucose (dextrose) and not sucrose or other complex car- 
bohydrates, which may be ineffective. The hydrolysis of sucrose 
(cane sugar) to fructose and glucose is inhibited by acarbose, and 
thus products containing sucrose are unsuitable for the rapid cor- 
rection of hypoglycemia. Patients should be aware of the need to 
have a readily available source of glucose (dextrose, d-glucose) to 
treat hypoglycemic episodes. In severe hypoglycemia, intravenous 
dextrose or glucagon injections may be required. 


Gastrointestinal 

The most common adverse reactions to acarbose and miglitol 
are gastrointestinal in nature, including abdominal discomfort, in- 
creased flatulence, and diarrhea.''*''’ These symptoms occur with 
the highest incidence during initiation of therapy and abate or de- 
crease in intensity with continued use. Roughly 50-60% of patients 
receiving acarbose and miglitol experience the above adverse GI 
reactions, which are caused primarily by an increase in gas forma- 
tion secondary to fermentation of unabsorbed carbohydrate in the 
large intestine. In clinical studies, increased flatulence has been re- 
ported to occur in up to 74% of patients on acarbose versus 29% re- 
ceiving placebo and in up to 41.5% of patients on miglitol versus 
12% receiving placebo. Abdominal pain reported as discomfort oc- 
curred in 12-19% of patients on acarbose/miglitol versus 5-9% re- 
ceiving placebo. Diarrhea occurred in 29-31% of patients on 
acarbose/miglitol versus 10-12% receiving placebo. Borborygmi 
may also occur along with flatulence. In clinical trials, the use of 
antacids or fibrous substances to modify the adverse GI side effects 
of acarbose has not been successful. Proper dosage titration, how- 
ever, may help improve patient tolerance of Gl-related adverse 
events (see Dosage above). 

Systemic adverse events with acarbose are relatively rare. In 
one U.S. study, asymptomatic elevations of hepatic enzymes oc- 
curred in 3.8% of patients receiving acarbose versus 0.9% of those 
receiving placebo.'”° In long-term studies (up to 12 months), eleva- 
tions of serum transaminases (AST and/or ALT) above the upper 
limit of normal that required emergency treatment were asympto- 
matic, reversible, more common in females, and, in general, not as- 
sociated with other evidence of liver dysfunction. Serum transami- 
nase elevations also appeared to be dose-related, with an increased 
frequency in those on >300 mg/day. Two patients in Japan died of 
fulminant hepatitis; however, the relationship to acarbose is un- 
clear. 

Miglitol and acarbose are known to decrease iron absorption 
slightly, but in most cases the reduction in iron indices appears to 
be clinically insignificant.'!”'?° In clinical trials, low serum iron 
levels were more commonly noted in patients treated with miglitol 


(9.2%) versus placebo (4.2%). In most cases, miglitol was not as- 
sociated with reductions in hemoglobin or other hematologic in- 
dices, and in many cases the effect on iron concentrations was tran- 
sient. Long-term use of acarbose has also been associated with 
anemia in roughly 1% of patients. Rare dermatologic findings in- 
clude an unusual report of serum eosinophilia associated with gen- 
eralized erythema multiforme and histologic tissue eosinophilia 
with acarbose therapy.'*° Skin rash (generally transient in nature) 
also occurred in 4.3% of patients on miglitol versus 2.4% of 
placebo-treated patients in clinical trials. 


Drug Interactions 


Digestive enzyme preparations containing carbohydrate-splitting 
enzymes (e.g., amylase, pancreatin, and pancrelipase) may reduce 
the pharmacologic effect of a-glucosidase inhibitors (e.g., acar- 
bose or miglitol) and should not be administered concurrently. 
Since sucrase hydrolyzes sucrose into glucose and fructose, it 
would antagonize the effects of acarbose or miglitol in the intes- 
tine. Charcoal is an intestinal adsorbent that may reduce the effects 
of the a-glucosidase inhibitors (e.g., acarbose or miglitol) and 
hence should not be taken concomitantly. It is also possible that 
concomitant administration of acarbose or miglitol with bile acid 
sequestrants, such as cholestyramine or colestipol, may decrease 
the effects of these antidiabetic agents. Also, oral neomycin may 
eliminate gut bacteria responsible for metabolism of carbohydrates 
and therefore enhance the reduction in postprandial glucose as well 
as exacerbate GI adverse effects. Clinical documentation of such 
interactions, however, is lacking. Antacids are not known to affect 
acarbose action. 

a-Glucosidase inhibitors may also impair the oral absorption 
of digoxin and lead to subtherapeutic serum digoxin concentrations 
in some patients. Clinical reports of this interaction have been pub- 
lished, but the mechanism of the interaction is not well understood. 
It is recommended that these agents be administered 6 hours after 
an oral digoxin dose to ensure time for adequate digoxin absorp- 
tion.'*! In addition, patients should be closely observed for the loss 
of clinical effect of digoxin therapy if either acarbose or miglitol is 
added to the medication regimen. In some cases, digoxin serum 
concentration monitoring may be helpful. Caution should also be 
exercised in patients on concomitant warfarin therapy, and pro- 
thrombin times should be closely observed during the first month 
of acarbose and miglitol therapy. Any dosage adjustments should 
be made according to individual patient response. 

The combination of acarbose with acetaminophen and ethanol 
should be avoided since both alcohol and acarbose augment the ac- 
tivity of the hepatic isoenzyme CYP2E1, which is responsible for 
metabolism of acetaminophen to a toxic reactive metabolite." 


THIAZOLIDINEDIONES 


The thiazolidinediones or glitazones are oral antidiabetic agents 
that are also termed insulin sensitizers; they act primarily by reduc- 
ing insulin resistance, which is thought to be central to the devel- 
opment of T2DM and its cardiovascular complications. These 
agents are chemically and functionally unrelated to the other oral 
antidiabetic agents. Two compounds in this class are presently ap- 
proved for use in the United States (Fig. 32-11). Rosiglitazone 
(Avandia®) was approved on May 25, 1999, and pioglitazone 
(Actos®) was granted approval on July 16, 1999. The first agent in 
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FIGURE 32-11. Structure of the thiazolidinediones. 


this class, troglitazone (Rezulin®), was marketed in the United 
States from March 1997 until it was withdrawn in March 2000, 
when the FDA determined that the risk of idiosyncratic hepatotox- 
icity associated with troglitazone therapy outweighed its potential 
benefits. In clinical use so far, rosiglitazone and pioglitazone ap- 
pear to be devoid of fulminant hepatotoxicity. Monotherapy with 
the glitazones results in significant improvements in FPG by 59-80 
mg/dL and in HbA,, by 1.4-2.6% compared with placebo. Rosigli- 
tazone is approved for use as monotherapy and in combination 
with metformin and sulfonylurea. Pioglitazone is approved for use 
as monotherapy and also in combination with insulin, metformin, 
or a sulfonylurea. 


Mechanism of Action 


The thiazolidinediones are highly selective and potent agonists for 
the peroxisome proliferator-activated receptor y (PPARy).'** 
PPARs are a family of nuclear receptors comprised of three sub- 
types designated PPARa, PPAR, and PPAR& (previously termed 
PPARB, FAAR, or NUC-1).'* PPAR receptors are found in key 
target tissues for insulin action such as adipose tissue, skeletal 
muscle, and liver, and evidence to date indicates that these recep- 
tors may be important regulators of lipid homeostasis, adipocyte 
differentiation, and insulin action.'**'* A close relationship has 
been shown to exist between the ability of various thiazolidine- 
diones to stimulate PPAR and its antidiabetic action.'** Most of 
the studies on the mechanism of action of the glitazones have been 
done with troglitazone. 

Thiazolidinediones have been shown to stimulate GLUT-1 and 
GLUT-4 gene expression'** and to reduce ob gene, tumor necrosis 
factor-a (TNF-a), and hepatic glucokinase expression through ac- 
tivation of PPAR-y.'*” In obese Zucker rats, treatment with the thia- 
zolidinedione troglitazone resulted in a reduction in leptin levels 
and lower ob gene and TNF-a expression. Associated with this ef- 
fect was apoptosis of large adipocytes and an increase in the num- 
ber of small adipocytes (with no net change in adipose tissue 
weight),!“* Both TNF-a and leptin (an ob gene product) have been 
associated with insulin resistance, and it is plausible that with the 
reduction in large adipocytes and lower TNF-a and leptin levels, 
there is amelioration of insulin resistance. Moreover, the increase 
in the number of small adipocytes may also contribute to the reduc- 
tion of insulin resistance. Small adipocytes take up more glucose 
than large adipocytes at submaximal insulin levels and are also 
more sensitive to the antilipolytic action of insulin.’*-'° This 
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could potentially result in lower FFA and triglyceride levels and 
improved insulin sensitivity. Although the results from this study 
suggest that troglitazone exerts potent effects in adipose tissue, an- 
other study'*' has demonstrated beneficial effects of troglitazone 
on glucose and lipid metabolism independent of adipose tissue in 
aP2/DTA mice whose white and brown fat was virtually eliminated 
by fat-specific expression of diphtheria toxin. In this study, despite 
the absence of adipose tissue, beneficial metabolic changes were 
seen in muscle and liver. 

In freshly isolated human adipocytes, rosiglitazone increased 
p85 a-phosphatidylinositol 3-kinase (p85aPI-3K) and uncoupling 
protein-2 (UCP) mRNA levels and decreased leptin expression. 
p8SaPI-3K is a major component of insulin action, and the induc- 
tion of its expression might explain, at least in part, the insulin- 
sensitizing effect of the thiazolidinediones.'*” /n vitro, pioglitazone 
has been shown to reverse insulin resistance induced by TNF-a in 
liver cells.'™ 

Some studies indicate that the glitazones also have direct ef- 
fects in skeletal muscle. In human skeletal muscle culture systems, 
troglitazone treatment markedly increases PPAR’ protein expres- 
sion along with other genes involved in glucose and lipid metabo- 
lism.'™ This increase of PPARy and associated changes in other 
genes may account, in part, for the insulin-sensitizing effect of 
troglitazone in skeletal muscle. In the same skeletal muscle culture 
system, troglitazone has been demonstrated to have acute effects 
on glucose uptake and chronic effects on glucose uptake and glyco- 
gen synthase activity.'°> Concomitant increases in GLUT-| mRNA 
and protein were noted, with no change in GLUT-4 or glycogen 
synthase mRNA or protein. 

The hypotensive and antiatherosclerotic effects of the glita- 
zones may also occur through PPARy agonism.'**'>® Human and 
rat vascular smooth muscle cells express mRNA and nuclear recep- 
tors for PPARy 1.'**'*® These receptors are upregulated during 
vascular injury and are present in early human atheroma and pre- 
cursor lesions. Pharmacologic activation of PPARy with troglita- 
zone and rosiglitazone inhibits vascular smooth muscle cell prolif- 
eration and migration, with the potential to limit restenosis and 
atherosclerosis. Also, both troglitazone and pioglitazone inhibit va- 
sopressin and PDGF-induced Ca** entry and proliferation in rat 
vascular smooth muscle cells. '5® 

Thus, the thiazolidinediones act, at least in part, by binding 
with PPARY in various tissues to influence the expression of a 
number of genes encoding proteins involved in glucose and lipid 
metabolism, endothelial function, and atherogenesis.°°'® In the 
near future, it is likely that the expression of numerous other genes 
will be identified that are affected by thiazolidinediones and con- 
tribute to the insulin-sensitizing, lipid-lowering, hypotensive, and 
antiatherosclerotic effects of these compounds. 


Pharmacokinetics 


After oral administration, both rosiglitazone and pioglitazone are 
rapidly absorbed, and peak serum concentrations occur within | 
hour for rosiglitazone and within 2 hours for pioglitazone. Food 
does not alter the pharmacokinetics of rosiglitazone, but it slightly 
delays the time to peak serum concentration of pioglitazone to 3- 
4 hours, although total absorption is unchanged. Steady-state 
serum concentrations of both drugs are achieved within 7 days 
and are highly protein-bound (>99%), primarily to serum albu- 
min. Rosiglitazone is extensively metabolized, with no unchanged 
drug detected in urine. The major routes of metabolism include 
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N-demethylation and hydroxylation, followed by conjugation with 
sulfate and glucuronic acid. Jn vitro data show that rosiglitazone 
is predominantly metabolized by the cytochrome P-450 (CYP) 
isoenzyme 2C8, with CYP2C9 serving as a minor pathway. 
Metabolites are active but have significantly less activity than the 
parent compound. On the other hand, pioglitazone is extensively 
metabolized by hydroxylation and oxidation. The major hepatic 
cytochrome P-450 enzymes involved are CYP2C8 and CYP3A4. 
In animal studies, the metabolites M-II and M-IV (hydroxy deriv- 
atives of pioglitazone) and M-III (keto derivative of pioglitazone) 
are pharmacologically active. The metabolites M-III and M-IV are 
the principal drug-related species found in human serum follow- 
ing multiple dosing. At steady state, serum concentrations of the 
metabolites M-III and M-IV are equal to or greater than serum 
concentrations of pioglitazone. The plasma half-life ranges from 3 
to 4 hours for rosiglitazone and from 3 to 7 hours for pioglitazone 
and 16 to 24 hours for pioglitazone metabolites. 


Clinical Use and Efficacy 


Rosiglitazone is at present approved for use as monotherapy and in 
combination with metformin and sulfonylureas." In two U.S. 
placebo-controlled clinical trials in patients with T2DM, rosiglita- 
zone at doses of 4 and 8 mg/day (as a single daily dose or two 
divided daily doses) for 26 weeks improved FPG by 25-35 and 
42-55 mg/dL and HbA,, by 0.3 and 0.7%, respectively, compared 
with baseline. In these studies, when administered at the same 
daily dose, rosiglitazone was generally more effective in reducing 
FPG and HbA,, when administered in divided doses twice daily 
compared with once-daily doses. However, for HbA,,, the differ- 
ence between the 4-mg once-daily and the 2 mg twice-daily doses 
was not statistically significant. In another U.S. study, when com- 
pared directly with maximum stable doses of glyburide, rosig- 
litazone reduced FPG by 25 mg/dL (4 mg/day) and 41 mg/dL 
(8 mg/day) compared with a reduction of 30 mg/dL for glyburide 
(15 mg/day). Although the initial fall in FPG was greater with gly- 
buride in this study, the improvement in glycemic control with 
rosiglitazone was maintained through week 52 of the study. Impor- 
tantly, in patients treated with rosiglitazone, C-peptide, insulin, and 
proinsulin levels were significantly reduced compared with an in- 
crease of these hormones in the glyburide-treated patients. 

The addition of rosiglitazone 2-8 mg/day to existing sulfo- 
nylurea, metformin, or insulin therapy also achieves further reduc- 
tions in FPG and HbA,,. Ina double-blind, placebo-controlled trial, 
348 patients with T2DM were randomized to receive 2500 mg g/day 
of metformin plus either placebo or 4 or 8 mg/day of rosiglitazone. 
After 26 weeks, compared with the metformin-placebo group, FPG 
levels decreased by 40 and 53 mg/dL, and mean HbA,, levels de- 
creased by 1.0 and 1.2% in the 4-mg/day metformin-rosiglitazone 
group and the 8-mg/day metformin-rosiglitazone groups, respec- 
tively. Of patients receiving 8 mg/day of metformin-rosiglitazone, 
28.1% achieved an HbA,, level of <7%. In addition, B-cell func- 
tion, measured by the HOMA model, improved significantly with 
metformin-rosiglitazone therapy in a dose-dependent manner.'©' 
Compared with baseline, the combination of rosiglitazone (2 mg 
bid) and a sulfonylurea decreases FPG by 38 mg/dL and HbA,, by 
0.9% (Fig. 32—12A); in combination with insulin, rosiglitazone at 4 
mg bid reduces FPG by 55 mg/dL and HbA,, by 1.3%.'™ 

The other currently marketed thiazolidinedione, pioglitazone, 
is the only glitazone approved by the FDA for use as monotherapy 
and in combination with sulfonylureas, metformin, and insulin. In 
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FIGURE 32-12 A. Mean changes in glycemic control at 6 months produced 
by the addition of rosiglitazone to a sulfonylurea (SU). FPG, fasting plasma 
glucose; Rosi. rosiglitazone. *, p < 0.001 vs. sulfonylurea. (Data from 
Wolffenbuttel et al.’*?.) B. Mean changes in glycemic control at 6 months 
produced by the addition of pioglitazone (Pio) to a sulfonylurea. *, p = 
0.05 vs. sulfonylurea. (Data from Schneider et al.’**) 


the absence of head-to-head studies, it is not possible to evaluate 
which glitazone is more potent in clinical use. Pioglitazone has 
been demonstrated to improve glycemia when used as monother- 
apy. In U.S. studies, after 26 weeks, mean FPG levels were reduced 
by 30 mg/dL (on pioglitazone 15 mg/day), 32 mg/dL (on pioglita- 
zone 30 mg/day), and, 56 mg/dL (on pioglitazone 45 mg/day) com- 
pared with an increase of 9 mg/dL in the placebo group. Concur- 
rent with FPG, the HbA,, levels also decreased by 0.3% with 
pioglitazone 15 and 30 mg daily and 0.9% with pioglitazone 45 mg 
daily. HbA,, levels increased 0.7% in the placebo group.'® In an- 
other double-blind study, compared with baseline, pioglitazone 15 
and 30 mg daily (when added to a sulfonylurea regimen) reduced 
FPG by 34 and 52 mg/dL and HbA,, by 0.8 and 1.2%, respectively, 
after 16 weeks of therapy. In the placebo group, there was an in- 
crease of 6 mg/dL in FPG and 0.1% in HbA,,'™ (Fig. 32-12B). Pi- 
oglitazone is also an useful option when used in combination with 
metformin. In a large 16-week study, compared with placebo, pi- 
oglitazone 30 mg daily significantly reduced mean FPG levels by 
38 mg/dL and HbA,, levels by 0.8%.'® Another significant use for 
pioglitazone is in the treatment of patients on insulin therapy. In a 
16-week study, Rubin and coworkers'® demonstrated that the ad- 
dition of pioglitazone 15 and 30 mg daily to patients receiving a 
median daily dose of 60.5 U of insulin resulted in mean FPG re- 
ductions of 36 and 49 mg/dL and HbA,, reductions of 0.7 and 
1.0%, respectively, compared with placebo. 


Other Beneficial Effects 


The glitazones have been shown to have multiple beneficial effects 
not only on peripheral insulin sensitivity, hepatic glucose metabo- 
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lism, and lipid metabolism, but also on endothelial function, 
atherogenesis, fibrinolysis, and ovarian steroidogenesis. '*” 


Effects on Insulin Sensitivity 

Most of the human studies on the insulin-sensitizing effects of 
the thiazolidinediones in vivo have been done with troglitazone, 
which is no longer available. These studies have documented 
troglitazone’s in vivo effects on peripheral insulin action not only 
in patients with T2DM but also in other insulin-resistant states like 
impaired glucose tolerance (IGT), polycystic ovary disease, previ- 
ous gestational diabetes, and Werner’s syndrome.!©”"'”” Some of 
these studies used the euglycemic clamp and the frequently sam- 
pled intravenous glucose tolerance test (FSIGTT) to quantitate 
changes of insulin sensitivity, whereas other studies used less di- 
rect methods, including the insulin tolerance test and the intra- 
venous or oral glucose tolerance test, to assess troglitazone effects 
on insulin resistance. In all studies, troglitazone in doses ranging 
from 200 to 600 mg daily enhanced insulin-mediated peripheral 
glucose utilization in both obese and lean subjects by approxi- 
mately 30-100%. 

Two Japanese studies have documented the insulin-sensitizing 
effects of pioglitazone in patients with T2DM. In a double-blind, 
placebo-controlled clinical trial, Kawamori and colleagues'”* eval- 
uated the effect of pioglitazone on insulin resistance in patients 
with T2DM. Insulin sensitivity (measured as insulin-stimulated 
glucose disposal [R4] by the hyperinsulinemic clamp technique) 
and splanchnic glucose uptake (SGU) both increased significantly 
after 3 months of pioglitazone treatment. Placebo treatment pro- 
duced no significant changes in either Ry or splanchnic glucose up- 
take. The authors concluded that pioglitazone is effective in ame- 
liorating insulin resistance in T2DM by enhancing splanchnic 
glucose uptake as well as peripheral glucose uptake.'’* In another 
Japanese study, Yamasaki and colleagues'”* also evaluated the ef- 
fect of pioglitazone on Ry in 20 patients with T2DM. After oral ad- 
ministration of pioglitazone (30 mg/day) for 3 months, in addition 
to improvement in glycemic control and fasting insulin, C-peptide, 
and lipid levels, the R4 significantly improved by >50%. In this 
study, the change in Ry before and after pioglitazone administration 
correlated with baseline values of FPG (p = 0.633), serum insulin 
(p = 0.653), and body mass index (p = 0.456).'” In a recent study 
in the United States, Miyazaki and colleagues'’** demonstrated 
that pioglitazone therapy for 4 months in obese patients with 
T2DM significantly improved glycemic parameters and also en- 
hanced hepatic and peripheral (muscle) sensitivity, despite a signif- 
icant increase in body fat content and body weight of 3.6 + 1.4 kg 
(Fig. 32-13). 


Effects on Lipids 

In T2DM, the major quantitative change in lipid levels is an el- 
evation in triglyceride-rich lipoproteins and a decrease in HDL 
cholesterol concentrations and LDL cholesterol levels that are 
often quantitatively similar to that in the general population.” 
However, qualitative changes in the composition of the LDL mole- 
cule (including an increase in the proportion of small, dense LDL, 
which is prone to glycation and oxidation) tend to make it more 
atherogenic.'”° This diabetic dyslipidemic profile is closely related 
to underlying insulin resistance and may be partly responsible for 
the increased cardiovascular morbidity and mortality in T2DM pa- 
tients.'”° By improving glucose tolerance and reducing insulin re- 
sistance, the glitazones have the potential to influence diabetic dys- 
lipidemia favorably. However, from the data presently available, 
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FIGURE 32-13. Effects of pioglitazone 45 mg daily for 4 months on hepatic 
glucose production and glucose disposal rate in patients with type 2 dia- 
betes. Open bars, baseline: gray bars, after treatment; *. p < 0.01. (Data 
from Miyazaki et al.™) 


there appear to be differences in the lipid-modifying abilities of the 
various glitazones. Pioglitazone has been shown to lower triglyc- 
erides by ~9% and increase HDL levels by ~12-19%.!77!78 
Troglitazone also was shown to lower triglyceride levels by 
~15-20%'® and increase HDL cholesterol levels by ~5-8%.'°” 

Reduction in triglyceride levels appears to result from several 
mechanisms, including reduced FFA substrate availability, de- 
creased hepatic triglyceride synthesis, and enhanced peripheral 
clearance.'*? In the case of rosiglitazone, however, despite a signif- 
icant decrease in FFA levels by up to 22%, initial studies demon- 
strated no significant lowering of triglycerides, although HDL lev- 
els do increase by up to 19%. The reasons for these differences are 
not clear at present. In addition, with all the glitazones studied so 
far, there is an increase in LDL cholesterol levels, which is of con- 
cem. In the case of troglitazone, it has been shown that this in- 
crease in LDL cholesterol of ~10%'® occurs without change in 
atherogenic apolipoprotein B levels.'*? Moreover, following trogli- 
tazone treatment, the LDL particles became larger, more buoyant, 
and less prone to oxidative modification." ™™!® Data on LDL parti- 
cle size and apolipoprotein B levels are still not available for 
rosiglitazone and pioglitazone. Long-term follow-up will be 
needed to see whether the rise in LDL has a negative impact on 
atherosclerosis and cardiovascular mortality. 

In addition to the above data, one report by Japanese investiga- 
tors'*! found a significant increase in lipoprotein (a) [Lp(a)] levels 
after 4 weeks of troglitazone treatment at 400 mg daily in a small 
group of 10 T2DM subjects (despite significant improvements in 
glucose and insulin sensitivity parameters). No change was found 
in a control group of sulfonylurea-treated patients. This increase in 
Lp(a) levels persisted for 12 weeks after discontinuation of trogli- 
tazone treatment and then returned to baseline values. Since Lp(a) 
may be associated with the development of coronary artery disease, 
further larger. long-term studies are needed to confirm and evaluate 
the significance of elevated Lp(a) levels in thiazolidinedione- 
treated diabetic patients. 


Effects on Adipose Tissue 


At the tissue level, troglitazone has been demonstrated to specifi- 
cally promote the differentiation of preadipocytes into adipocytes 
in subcutaneous, but not omental fat.'*” In clinical use, troglitazone 
at 400 mg/day for 6 months in 30 mildly obese Japanese patients 
with T2DM not only improved glycemia and increased body mass 
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index but also resulted in fat accumulation in the subcutaneous 
rather than the visceral adipose tissue depot. The authors specu- 
lated that this shift of energy accumulation from the visceral to the 
subcutaneous adipose tissue might contribute to troglitazone- 
mediated amelioration of insulin resistance.'** In another double- 
blind, randomized trial Kelley and colleagues'** demonstrated that 
troglitazone therapy for 12 weeks significantly decreased intra- 
abdominal fat mass as measured by MRI. In this study, there were 
no significant changes in total body fat and body weight compared 
with placebo. In a recent study using MRI analysis, Miyazaki and 
coworkers !®** demonstrated that although pioglitazone treatment at 
45 mg daily for 4 months was associated with a significant increase 
in subcutaneous fat area, this was accompanied by a significant de- 
crease in visceral fat area and a concomitant decrease in the ratio of 
visceral to subcutaneous fat (Fig. 32-14). 


Hypertension and Cardiac Function 


The prevalence of hypertension in diabetic patients is 1.5-2-fold 
higher than in nondiabetic individuals,'** and hypertension is one 
of the components of the insulin resistance syndrome. In T2DM 
and other insulin-resistant states, there is impaired insulin- 
induced vasodilation,'® and it is possible that by enhancing insulin 
action, the thiazolidinediones may enhance the tonic vasodilator 
response to insulin and thereby reduce peripheral vascular resist- 
ance and blood pressure. Additionally, by reducing hyperinsu- 
linemia and plasma insulin levels, these agents may reduce the 
potential blood pressure-raising actions of insulin, such as renal 
sodium retention and increased sympathetic activity. "5" Lim- 
ited data show that the glitazones may have beneficial effects on 
blood pressure. Rosiglitazone 4 mg bid over 52 weeks was asso- 
ciated with a significant decrease in systolic BP of 3.5 mmHg 
and diastolic BP of 2.7 mm Hg.'®° No data are yet available for 
pioglitazone. 


Effects on Atherogenesis 

Increased concentrations and activity of PAI-1 are known to be 
associated with a prothrombotic state. Levels of PAI-1 are in- 
creased in patients with T2DM and are strongly correlated with 
body mass index, insulin resistance, and fasting levels of insulin, 
triglycerides, and HDLs.'° Only troglitazone so far has been 
shown to decrease PAI-1 levels to near-normal levels in diabetic 


FIGURE 32-14. Effects of pioglitazone 45 mg daily for 4 months on ab- 
dominal fat distribution in patients with type 2 diabetes. Open bars, base- 
line; gray bars, after treatment. *, p < 0.01; t. p < 0.05. (Data from 
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patients." Pioglitazone has been shown to decrease PAI-1 levels 
in cultured human umbilical vein endothelial cells.'?' No data are 
available for rosiglitazone. Platelet aggregation is also increased in 
diabetic subjects,” and only troglitazone so far has been shown to 
have potent inhibitory effects on human platelet aggregation via 
suppression of thrombin-induced activation of phosphoinositide 
signaling in platelets.” This effect was not reproducible with pi- 
oglitazone and hence may be due to troglitazone’s unique structure, 
which included an a-tocopherol moiety. 

Another factor that is correlated with the pathogenesis and pro- 
gression of atherosclerosis and restenosis is the proliferation and 
migration of vascular smooth muscle cells from the media to the 
intima. Troglitazone and pioglitazone both inhibited vascular 
smooth muscle cell growth and migration in preclinical stud- 
ies. 5619416 Also, improvements in vascular reactivity have been 
shown for troglitazone in human and animal studies and for piogli- 
tazone in animal studies (in virro only), 79° 

Intimal-medial thickness (IMT), a measure of atherosclerotic 
progression, is correlated with insulin levels in patients with and 
without T2DM.'”™ In clinical trials, troglitazone reduced intimal 
hyperplasia in T2DM patients with and without coronary stent im- 
plants.'*??"' Effects were seen in as little as 3 months and were 
more profound than previously reported data for pravastatin, an 
HMG-CoA reductase inhibitor”? (Fig. 32-15). Pioglitazone has 
shown similar results in animal studies. There is evidence to 
suggest that IMT is negatively related to insulin sensitivity,” and 
it is possible that the reduction in insulin resistance after troglita- 
zone treatment translates to regression of both carotid and coronary 
IMT. This effect of troglitazone, if confirmed with the other avail- 
able glitazones and shown to persist in the long term, could be 
highly beneficial, delaying or preventing development of the accel- 
erated atherosclerosis of diabetes. 


Effects on B-Cell Function 

An elevated ratio of proinsulin (PI) to immunoreactive insulin 
(IRI) is often present in T2DM and may reflect dysfunctional 
B-cell processing of the prohormone and associated reduced B-cell 
secretory capacity." Troglitazone therapy has been shown to be 
associated with a decrease in the PI:IRI ratio suggestive of direct 
effects on the B cell.” In a recent study, rosiglitazone therapy for 
52 weeks was shown to decrease significantly the PI:IRI ratio.”” 
(Fig. 32-16). 


FIGURE 32-15. Effects of troglitazone 400 mg daily on carotid intimal me- 
dial thickening (IMT) in patients with type 2 diabetes. (Data from Mi- 
namikawa et al.!%”) 
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FIGURE 32-16. Elfects of rosiglitazone (Rosi) administration for 52 weeks 
on the proinsulin (Pro):insulin ratio in patients with type 2 diabetes. Open 
bars, baseline; black bars, after treatment. *. p < 0.05 compared with base- 
line. (Data from Porter et a0”) 


Effects on Diabetes Prevention 

Consistent with their ability to increase insulin sensitivity and 
improve insulin secretion, the glitazones have the potential to be 
used as agents to prevent T2DM. In a recent study, Buchanan 
and colleagues” observed that troglitazone at 400 mg daily 
for up to 5 years reduced the incidence of T2DM by 50% in 
high-risk Hispanic women with a recent history of gestational dia- 
betes mellitus. Indeed, in the NIH-sponsored Diabetes Prevention 
Study (DPP), troglitazone along with metformin and intensive 
lifestyle intervention was one of the intervention arms.® The 
troglitazone arm was discontinued after reports of idiosyncratic he- 
patoxicity associated with its use. 


Effects on Cancer Cells 

There is preliminary evidence that the thiazolidinediones 
(through their action on PPARy) may have adverse effects on can- 
cer cells. Estrogen biosynthesis is catalyzed by aromatase cy- 
tochrome P-450, and adipose tissue is the major site of estrogen 
biosynthesis in postmenopausal women. Rubin and colleagues”? 
have demonstrated in tissue culture that the PPARy ligands trogli- 
tazone and rosiglitazone inhibit aromatase expression in cultured 
breast adipose stromal cells stimulated with oncostatin M or 
TNF-a plus dexamethasone in a concentration-dependent manner. 
This action of PPAR agonism may have potential therapeutic ben- 
efit in the treatment and management of breast cancer. Takahashi 
and colleagues” from Japan have also shown that human gastric 
cancer cells express PPARY and that activation of PPARy with 
troglitazone inhibits cell growth and induces apoptosis in gastric 
cancer cells. Similar results were obtained by Tsubouchi and col- 
leagues using human lung cancer cells.”!° 

On the other hand, there is evidence of tumor-inducing effects 
of the glitazones in a murine model for familial adenomatous poly- 
posis and sporadic colon cancer. Hence it is recommended that 
these drugs not be prescribed for people from families with adeno- 
matous polyposis coli.”!' Long-term studies are needed to monitor 
effects on the development of sporadic colon tumors. 


The usual starting dose of rosiglitazone is 4 mg po given as either a 
single dose once daily or in divided doses twice daily. For patients 
who respond inadequately after 12 weeks of initial treatment with 
rosiglitazone, the dose may be increased to 8 mg po given as a sin- 
gle dose once daily or in divided doses twice daily. For pioglita- 
zone, therapy may be initiated at 15 or 30 mg po once daily. For pa- 


THE ORAL ANTIDIABETIC AGENTS 


tients who respond inadequately to the initial dose, the dose car 
increased in increments up to 45 mg po once daily. Patients not 
sponding adequately to monotherapy with either rosiglitazone . 
pioglitazone should be considered for combination therapy v 
other antidiabetic agents. The safety and efficacy of both drug: 
adolescents and children have not yet been established. 


Patients with Hepatic Impairment 


If a patient exhibits clinical or laboratory evidence of active li 
disease or increased serum transaminase levels (ALT > 2.5 tin 
the upper limit of normal) at start of therapy, rosiglitazone or 
oglitazone therapy should not be initiated (see Contraindicatic 
below). 


Patients with Renal Impairment 


There are no clinically relevant differences in the pharmacokineti 
of rosiglitazone or pioglitazone in patients with mild-to-seve 
renal impairment or in hemodialysis-dependent patients compar: 
with patients who have normal renal function. Hence dosage a 
justments are not required in patients receiving these agents alor 
However, since metformin is contraindicated in patients with ren 
impairment, concomitant administration of rosiglitazone or piog. 
tazone with metformin is also contraindicated in patients with ren 
impairment. 


Side Effects 


During double-blind clinical trials, the most frequently reporte 
adverse reactions in nearly 2600 patients receiving rosiglitazor 
monotherapy included back pain, diarrhea, fatigue, headache, hy 
perglycemia, hypoglycemia, injury, sinusitis, and upper respirator 
tract infection. In pioglitazone-treated patients, the most frequentl 
reported adverse reactions during placebo-controlled clinical trial 
were headache, hyperglycemia, myalgia, pharyngitis, sinusitis, toot 
disorder, and upper respiratory tract infection. Overall, the types o 
adverse experiences reported when rosiglitazone was used in com 
bination with metformin were similar to those during monotherap: 
with rosiglitazone. Similarly, when pioglitazone was used in com 
bination with metformin, sulfonylureas, or insulin, the types of ad 
verse experiences reported were similar to those during pioglitazom 
monotherapy (except for an increase in edema in the pioglitazone 
insulin combination study). Overall, the incidence of withdrawal: 
from clinical trials due to an adverse event other than hyper. 
glycemia was similar for patients receiving placebo or a glitazone. 

The glitazones increase plasma volume by 6—7%, and edema is 
often associated with their use. In U.S. clinical trials, edema has 
been reported more frequently in pioglitazone-treated patients than 
placebo-treated patients. In monotherapy studies, edema was re- 
ported at 4.8% in pioglitazone-treated patients vs. 1.2% of placebo- 
treated patients; in the pioglitazone-insulin combination study, 
nearly 15.3% of pioglitazone-treated patients developed edema 
compared with 7.0% of placebo-treated patients. Edema was also 
reported in 4.8% of patients receiving rosiglitazone compared with 
1.3% on placebo, 1% on sulfonylureas, and 2.2% on metformin. 
Since an increase in plasma volume can worsen or precipitate con- 
gestive heart failure (CHF), patients with Class III and IV CHF 
should not receive glitazone therapy. Also, all patients on glitazone 
treatment should be regularly monitored for signs and symptoms 
of CHF. 
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Weight gain has also been reported more frequently with glita- 
zone therapy. In the 26-week rosiglitazone clinical trials, the mean 
weight gain in patients treated with rosiglitazone monotherapy was 
1.2 kg (on 4 mg daily) and 3.5 kg (on 8 mg daily). When rosiglita- 
zone was administered in combination with metformin, weight 
gain was 0.7 kg (on 4 mg daily) and 2.3 kg (on 8 mg daily). There 
was a mean weight loss of about 1 kg in both placebo and 
metformin-alone groups in these studies. In the 52-week glyburide 
controlled study, there was a mean weight gain of 1.75 and 2.95 kg 
for patients treated with 4 and 8 mg of rosiglitazone daily, respec- 
tively, versus 1.9 kg in glyburide-treated patients. Similarly, in clin- 
ical studies, pioglitazone treatment is accompanied by weight gain 
in a dose-related manner. The change in average weight in U.S. 
placebo-controlled monotherapy trials ranged from 0.5 to 2.8 kg 
for pioglitazone-treated patients, compared with a weight loss of 
1.3-1.9 kg in placebo-treated patients. In combination with a sul- 
fonylurea, the change in average weight was 1.9 and 2.9 kg for 15 
and 30 mg of pioglitazone, respectively, and —0.8 kg for placebo. 
The change in average weight in combination with insulin was 2.3 
and 3.7 kg for 15 and 30 mg of pioglitazone, respectively, and no 
weight change for placebo. Even in combination with metformin, 
the increase in average weight was 1.0 kg for 30 mg of pioglitazone 
versus — 1.4 kg for placebo. 

Due to increases in plasma volume and a dilutional effect, de- 
creases in hemoglobin and hematocrit also occur in a dose-related 
fashion in patients treated with rosiglitazone and pioglitazone 
alone or in combination. These changes occur primarily during the 
first 4-12 weeks of therapy and remain relatively constant there- 
after. These changes have not been associated with any significant 
hematologic clinical effects. Reports of anemia (7.1%) were 
greater in patients treated with a combination of rosiglitazone and 
metformin; however, lower pretreatment hemoglobin/hematocrit 
levels in patients taking metformin concurrently may have con- 
tributed to the higher reporting rate of anemia in these studies. 
For pioglitazone, in U.S. double-blind studies, anemia was re- 
ported in 0.3-1.6% of pioglitazone-treated patients and 0-1.6% 
of placebo-treated patients in monotherapy and combination 
studies. Rosiglitazone-treated patients also experience slight de- 
creases in white blood cell counts, which may be related to the 
increased plasma volume. 

In controlled trials, 0.2% of patients treated with rosiglitazone 
had reversible elevations in ALT >3 times the upper limit of nor- 
mal compared with 0.2% on placebo and 0.5% on active compara- 
tor agents. Hyperbilirubinemia was reported in 0.3% of patients 
treated with rosiglitazone compared with 0.9% treated with 
placebo and 1% in patients treated with other agents. During 
placebo-controlled clinical trials in the United States, 4 of 1526 
(0.26%) pioglitazone-treated patients and 2 of 793 (0.25%) 
placebo-treated patients had ALT values >3 times the upper limit 
of normal. After pioglitazone discontinuation, all patients with 
follow-up lab values had reversible elevations in ALT. In the pop- 
ulation of patients treated with pioglitazone, mean values for 
bilirubin, AST, ALT, alkaline phosphatase, and GGT were de- 
creased at the final visit compared with baseline. Fewer than 
0.12% of pioglitazone-treated patients were withdrawn from clin- 
ical trials in the United States due to abnormal liver function tests. 
In preapproval clinical trials, there were no cases of idiosyncratic 
drug reactions leading to hepatic failure reported for either rosigli- 
tazone or pioglitazone. 

The thiazolidinediones do not stimulate insulin secretion and 
hence when used as monotherapy are not expected to cause hypo- 


glycemia. However, mild-to-moderate hypoglycemia can occur 
and has been reported during combination therapy with sulfo- 
nylureas or insulin. Hypoglycemia was reported for 1% of placebo- 
treated patients and 2% of patients receiving pioglitazone in com- 
bination with a sulfonylurea. In combination with insulin, 
hypoglycemia was reported for 5% of placebo-treated patients, 8% 
of patients treated with pioglitazone 15 mg, and 15% of patients 
treated with pioglitazone 30 mg. 

During required laboratory testing in the pioglitazone clinical 
trials, sporadic, transient elevations in creatine phosphokinase lev- 
els without symptoms were observed. A single, isolated elevation 
to >10 times the upper limit of normal (values of 2150-8610) was 
noted in seven patients. Five of these patients continued to receive 
pioglitazone, and the other two patients had completed study med- 
ication at the time of the elevated value. These elevations resolved 
without any apparent clinical sequelae, and the relationship of 
these events to pioglitazone therapy is unknown. 


Drug Interactions 


There are significant differences in drug interactions among the gli- 
tazones. Both pioglitazone and troglitazone induce the cytochrome 
P-450 isoform CYP3A4, which is partly responsible for their me- 
tabolism. Thus, safety and efficacy could possibly be affected when 
Pioglitazone is coadministered with other drugs metabolized by 
this enzyme. In contrast, at clinically relevant concentrations, 
rosiglitazone has no drug interactions with any drugs metabolized 
by any of the major cytochrome P-450 enzymes. In vitro data 
demonstrate that rosiglitazone is predominantly metabolized by 
CYP2C8, and to a lesser extent by 2C9. Drugs metabolized by the 
cytochrome P-450 isoform CYP3A4 include alfentanil, alprazo- 
lam, astemizole, carbamazepine, cisapride, some corticosteroids, 
cyclosporine, diazepam, diltiazem, donepezil, erythromycin, felo- 
dipine, fexofenadine, indinavir, lidocaine, lovastatin, midazolam, 
nifedipine, quinidine, saquinavir, simvastatin, sirolimus, tacro- 
limus, terfenadine, triazolam, trimetrexate, and verapamil. Blood 
glucose should be monitored more carefully in patients receiving 
pioglitazone in combination with the above drugs and also when 
administered with inhibitors of CYP3A4 such as ketoconazole or 
itraconazole. /n vitro, ketoconazole appears to inhibit the metabo- 
lism of pioglitazone significantly. It is recommended that patients 
receiving both pioglitazone and ketoconazole be evaluated more 
frequently with respect to glycemic control. Studies with itracona- 
zole, which also inhibits CYP enzymes, have not been performed. 

Pioglitazone may also reduce the bioavailability of oral contra- 
ceptives containing ethinyl estradiol and norethindrone by induc- 
tion of CYP3A4, and coadministration of pioglitazone with oral 
contraceptives may reduce the effectiveness of these agents. Oral 
contraceptive concentrations were reduced by up to 30% with the 
coadministration of troglitazone. Higher-dosage oral contraceptive 
formulations may be needed to increase contraceptive efficacy dur- 
ing pioglitazone use. Alternatively, the use of an alternative or ad- 
ditional method of contraception is recommended. On the other 
hand, multiple dose studies have shown that rosiglitazone has no 
clinically relevant effect on the pharmacokinetics of oral contra- 
ceptives (ethinyl estradiol and norethindrone). 

Repeat dosing with rosiglitazone had no clinically relevant ef- 
fect on the steady-state pharmacokinetics of either warfarin, 
nifedipine, digoxin, or ranitidine in healthy volunteers, nor did the 
administration of these medications alter the pharmacokinetics of 
rosiglitazone. Also in healthy volunteers, coadministration of 
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pioglitazone with either digoxin, glipizide, metformin, or warfarin 
for 7 days did not alter the steady-state pharmacokinetics of these 
medications. Coadministration of acarbose (100 mg three times 
daily) for 7 days in healthy volunteers had no clinically relevant ef- 
fect on the pharmacokinetics of a single oral dose of rosiglitazone. 
A single administration of a moderate amount of alcohol did not in- 
crease the risk of acute hypoglycemia in T2DM patients treated 
with rosiglitazone. 

Large doses of aspirin should be used cautiously in patients re- 
ceiving glitazones. Salicylates inhibit prostaglandin E, synthesis, 
indirectly increase insulin secretion, and in toxic doses may cause 
hypoglycemia. Also in toxic doses, salicylates may uncouple ox- 
idative phosphorylation, deplete hepatic and muscle glycogen, and 
cause hyperglycemia and glycosuria acutely. Bexarotene (used in 
the treatment of cutaneous manifestations of T-cell lymphoma 
[mycosis fungoides]) may enhance the action of pioglitazone. Pa- 
tients should be closely monitored while receiving bexarotene in 
combination with pioglitazone. 


Contraindications/Precautions 


Troglitazone, the first glitazone marketed in the United States, was 
associated with idiosyncratic hepatotoxicity and rare cases of liver 
failure, liver transplants, and death, which led to its recall from 
clinical use in March 2000. In clinical trials with rosiglitazone and 
pioglitazone, the incidence of hepatotoxicity and ALT elevations 
has been similar to that of placebo. In clinical use to date, there 
have been two reports of hepatotoxicity associated with rosiglita- 
zone use.”!??3 Thus, although the risk of hepatotoxicity is much 
lower, it is prudent that rosiglitazone and pioglitazone be used cau- 
tiously in patients with hepatic disease, since both rosiglitazone 
and pioglitazone are structurally very similar to troglitazone. 

Liver enzymes should be checked prior to the initiation of ther- 
apy with rosiglitazone or pioglitazone in all patients. Therapy with 
glitazones should not be initiated in patients with increased base- 
line liver enzyme levels (ALT > 2.5 times the upper limit of nor- 
mal). In patients with normal baseline liver enzymes, following ini- 
tiation of therapy with rosiglitazone or pioglitazone, it is 
recommended that liver enzymes be monitored every 2 months for 
the first 12 months and periodically thereafter. Patients with mildly 
elevated liver enzymes (ALT levels 1-2.5 times the upper limit of 
normal) at baseline or during therapy with rosiglitazone or piogli- 
tazone should be evaluated to determine the cause of the liver en- 
zyme elevation. Initiation of, or continuation of, therapy with a gli- 
tazone in patients with mild liver enzyme elevations should 
proceed with caution and should include appropriate close clinical 
follow-up, including more frequent liver enzyme monitoring, to 
determine whether the liver enzyme elevations resolve or worsen. 

If at any time ALT levels increase to >3 times the upper limit 
of normal in patients on therapy with rosiglitazone or pioglitazone, 
liver enzyme levels should be rechecked as soon as possible. If 
ALT levels remain >3 times the upper limit of normal, glitazone 
therapy should be discontinued. If any patient develops symptoms 
suggesting hepatic dysfunction, which may include unexplained 
nausea, vomiting, abdominal pain, fatigue, anorexia, and/or dark 
urine, liver enzymes should be checked. The decision of whether to 
continue the patient on therapy with rosiglitazone or pioglitazone 
should be guided by clinical judgment pending laboratory evalua- 
tions. If jaundice is observed, drug therapy should be discontinued. 
There are no data available to evaluate the safety of rosiglitazone or 
pioglitazone in patients who experience liver abnormalities, he- 
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patic dysfunction, or jaundice. Neither one should be used i 
tients who experienced jaundice while taking troglitazone. Fc 
tients with normal hepatic enzymes who were switched 
troglitazone to rosiglitazone or pioglitazone, a 1-week wash 
recommended before starting therapy with either drug. 

Caution should also be exercised when using pioglitazo! 
rosiglitazone in premenopausal anovulatory females with in 
resistance who may resume ovulation as a result of glitazone 
apy. These patients may be at risk of becoming pregnant if 
quate contraception is not used. In the case of pioglitazone, t 
who use oral contraceptive therapy may also be at risk dt 
CYP3A4 enzyme induction (see above). 

Due to increases in plasma volume, both glitazones shoul 
used cautiously in patients with peripheral edema or early con 
tive heart failure. Rosiglitazone has been associated with prel: 
induced cardiac hypertrophy in animal studies. In two ong: 
echocardiographic clinical studies (a 52-week study using 1 
glitazone 4 mg po twice daily and a 26-week study using rosig 
zone 8 mg po once daily) in patients with T2DM, no deleteriou: 
terations in cardiac structure or function have been observed. TI 
studies were designed to detect a change in left ventricular mas 
10% or more. Patients with severe congestive heart failure, defi 
as New York Heart Association (NYHA) functional Class IIT 
IV, were not studied. As a result, patients with NYHA Class II 
IV heart failure should not receive glitazones unless the expec 
benefit is judged to outweigh the potential risk.'!”* 

Rosiglitazone and pioglitazone are contraindicated in pr 
nancy. Although animal data suggest no teratogenic effects, th 
are no adequate and well-controlled studies in pregnant wom 
Also, it is unknown whether these drugs are secreted in human m: 
and hence they should not be administered to breastfeeding wom 

Thiazolidinediones are only active in the presence of insul 
They should not be used to treat either diabetic ketoacidosis 
TIDM. 


NEWER ORAL AGENTS 


Several new oral agents including insulin secretagogues and i 
sulin sensitizers are being developed for the treatment of T2D] 
and many are in the late phases of clinical studies.7!'-?'4?"* Insul 
sensitizers undergoing clinical studies for the treatment of T2D 
include several thiazolidinedione and nonthiazolidinedione PPAF 
and PPARa agonists. These include G1262570 (a Glaxo coi 
pound), which is a novel, nonthiazolidinedione, L-tyrosine-base 
highly selective PPAR’ agonist. G1262570 is prepared from nat 
rally occurring L-tyrosine and does not contain the 2-4 thiaz 
lidinedione structure common to the other glitazones.”"' (S 
Chapter 57). 


TREATMENT STRATEGIES IN TYPE 2 DIABETES 


Insulin resistance is a major abnormality in patients with T2D1 
and in addition to hyperglycemia, diabetic patients often manift 
hyperlipidemia. hypertension, and a hypercoagulable state. The 
abnormalities have collectively been referred to as the deadly qu: 
tet and comprise the insulin resistance syndrome or the cardiove 
cular dysmetabolic syndrome.'” Hence, in addition to treating h 
perglycemia in these patients, we must also strive to ameliorz 
the other abnormalities of the metabolic syndrome. The goal f 
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glycemic control is an HbA,, of =7%; the goal for lipid control is 
LDL = 100 mg/dL, HDL = 45 mg/dL, triglycerides = 200 mg/dL 
(statins are possible first-line agents); the goal for blood pressure 
control is <130/85 mmHg or 120/75 mmHg (if there is protein- 
uria; ACE inhibitors are probable first-line agents); and for the hy- 
percoagulable state, all T2DM patients >21 years old should be on 
aspirin (if not contraindicated).* 

The first line of therapy for T2DM includes the use of diet 
management to provide both optimal composition and caloric con- 
tent so as to assist in achieving desirable body weight. Diet therapy 
with weight loss is the most effective form of therapy in the obese 
T2DM patient, but long-term compliance remains poor. Exercise 
therapy has additional and independent benefits on the metabolic 
syndrome of diabetes and facilitates the success of diet. When diet, 
exercise, and weight loss are unable to achieve the glycemic goals 
outlined above, the usual next step is to proceed to oral antidiabetic 
medications, alone or in combination. When adequate glycemic 
control cannot be achieved with oral agents, insulin is then added 
or substituted as sole therapy. 


Monotherapy 


The choice of initial oral agents in patients with diabetes is dictated 
by many factors including patient profile, initial level of hyper- 
glycemia, and economic and formulary considerations (Fig. 32-17 
and Table 32-4). A summary of the reported glucose-lowering ef- 
fects of monotherapy is given in Table 32-5. Since these were not 
simultaneous trials, the comparative data are only a rough approxi- 
mation of the relative effectiveness: Stage, severity of hyper- 
glycemia, and type of patient studied varied. 

In general, patients with marked hyperglycemia (>300 
mg/dL), ketonuria, or ketonemia, pregnant patients, and patients 
with acute myocardial infarction and all acute situations should all 
be treated with insulin. In most other patients, a sulfonylurea (in 
lean patients) or metformin (in obese patients) may be initiated and 
titrated upward every 1-2 weeks depending on the response. It is 
extremely important that patients regularly monitor their finger- 
stick blood glucose. The goal for fasting capillary blood glucose is 
between 80-120 mg/dL and that of postprandial capillary blood 
glucose 100-140 mg/dL. In elderly patients and those with irregu- 
lar meal profiles, a short-acting secretagogue like repaglinide may 
be preferable to a sulfonylurea, which may cause hypoglycemia 
with missed meals. In those with predominant postprandial hyper- 
glycemia, acarbose or miglitol may be good choices. Obese pa- 
tients with renal insufficiency may be started with a glitazone in- 
stead of metformin, which is contraindicated in these patients. 
Some of the other metabolic effects of the oral antidiabetic agents 
used as monotherapy are shown in (Table 32-6). 

Unfortunately, due to the progressive nature of T2DM and the 
continued decline in B-cell function, monotherapy eventually fails 
to provide adequate glucose control in most patients with T2DM 
and combination therapy is frequently a necessity, especially if 
one is to achieve optimal glycemic control (HbA,, < 7%). In the 
UKPDS, the progressive deterioration of glucose control was such 
that after 3 years, only about 50% of subjects attained a goal of 
HbA e < 7% with monotherapy, and after 9 years this declined to 
<25% (Fig. 32-18). It is important to rule out first the possibility 
that secondary treatment failure is due to noncompliance; doing so 
will avoid the need for additional agents. 

There is also an emerging concept that it may be advantageous 
to begin combination therapy earlier in the course of the disease 


rather than escalate the dose of a single current agent in order to 
achieve greater glucose-lowering effect. Such a practice is based 
on the belief that therapy directed at more than one mechanism of 
action may provide more rapid, sustained, and cost-effective 
glycemic control. Further studies will be necessary to confirm the 
clinical utility of this practice. 


Combination Therapy 


The goal of combination therapy is to take advantage of the differ- 
ing mechanisms of action of the various pharmacologic agents and 
create an individualized treatment plan for achieving effective 
glycemic control. The combination of two agents often results in a 
synergistic rather than a mere additive glucose-lowering effect. In 
some cases, lower doses of both agents can be used, which can fur- 
ther minimize side effects. Oral combination therapy is advanta- 
geous because it can often delay the need for insulin. Ideally, com- 
bination therapy should be instituted prior to manifestation of 
hyperglycemic symptoms. A comparison of some of the trials is 
shown in Table 32-7. It must be emphasized that heterogeneity of 
patients and severity and stage of disease make comparisons only 
approximate. 


Combination of an Insulin Secretagogue and 

an Insulin Sensitizer 

The combination of a secretagogue and an insulin sensitizer is 
synergistic and addresses two of the major pathophysiologic abnor- 
malities in T2DM. If monotherapy with a sulfonylurea or met- 
formin fails to achieve the desired level of glycemic control, the 
other second oral agent (if not contraindicated) should be added, 
with dose escalation over 4-8 weeks to the maximum. Indeed, the 
use of a sulfonylurea plus metformin is the most widely and exten- 
sively studied combination of oral agents and lowers HbA,, by an 
additional 1.7%.” The combination of a sulfonylurea and a glita- 
zone is also useful. The addition of rosiglitazone 4 mg bid to a sul- 
fonylurea resulted in a reduction of FPG by 38 mg/dL and the 
HbA,, by 0.9% over 6 months.”!® Similarly, pioglitazone 30 mg 
daily, when added to a sulfonylurea, decreased FPG by 52 mg/dL 
and HbA,, by 1.2% after 26 weeks,7!7 

When a glitazone is used in combination with a sulfonylurea, 
the current dose of the sulfonylurea should be continued, and the 
glitazone should be initiated at the lowest dose. If the response is 
not adequate, the dose can be increased after approximately 2-4 
weeks to the maximum. If patients experience hypoglycemia in 
combination with a sulfonylurea, the sulfonylurea dose may be 
lowered as necessary to optimize therapy. The addition of the non- 
sulfonylurea secretagogue repaglinide to metformin has also been 
shown to confer significantly better glycemic contro] than 
monotherapy with either agent. With combination treatment, mean 
FPG decreased 39 mg/dL and mean HbA,, levels decreased 1.4% 
from baseline, compared with decreases of 5-9 mg/dL and 0.3- 
0.4% on therapy with either agent alone.”'* There are no studies 
evaluating the efficacy of repaglinide in combination with pioglita- 
zone or rosiglitazone. 


Combination of Two Insulin Sensitizers 

Since both metformin and the glitazones act through different 
mechanisms, their combination may be expected to be more effica- 
cious. Moreover, since metformin predominantly restrains hepatic 
glucose production and the glitazones act primarily on insulin re- 
sistance in muscle and adipose tissue, their combination also ame- 
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Glycemic Goals: 


Bedtime plasma glucose: 
Glycosylated hemoglobin: 
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Fasting and preprandial plasma glucose: 


80-120 mg/dL 
100-140 mg/dL 
<7% 


DIAGNOSIS OF TYPE 2 DIABETES 


t 


Glycemic goals not achieved 


4 


ORAL AGENT MONOTHERAPY 
- Lean, Insulinopenic - Secretagogues 
- Obese, insulin resistant - Biguanides 
- Insulin resistant, renal impairment - Glitazones 
- Post prandial hyperglycemia - œ glucosidase inhibitor 
- Meglitinide 


Glycemic goals not achieved 


ORAL AGENT COMBINATION THERAPY 
- Secretagogue + Glitazone 

- Secretagogue + Biguanide 

- Secretagogue + g glucosidase inhibitor 

- Biguanide + Glitazone 

- Biguanide + Glitazone + Secretagogue 

* Not all above combinations are FDA approved 


OR 


Lifelong diet, exercise, weight management 


- Severe symptoms - Ketosis 
- Severe hyperglycemia - Pregnanc 


INSULIN REGIMENS 
- Combination of intermediate/long acting* 
and short-acting insulin* (2 or more injections) 
- Continuous SQ insulin infusion pump 
(May continue/add sensitizer/secretagogue 
to reduce insulin requirements) 
* Lispro/Glargine are not FDA approved 
for use in pregnancy 


ORAL AGENT/INSULIN COMBINATION THERAPY 


Bedtime intermediate-acting insulin (start with 10-15 units 
and adjust to maintain AM FPG < 140 mg/dL) 


If daytime glycemia not achieved 


HS 


FIGURE 32-17. Algorithm for the treatment of type 2 diabetes. FPG, fasting plasma glucose. 


liorates two major pathophysiologic abnormalities in T2DM. The 
combination of metformin and rosiglitazone 8 mg daily for 26 
weeks reduced FPG by 54 mg/dL and HbA,, by 1.3% compared 
with placebo.'® The combination of metformin and pioglitazone 
30 mg daily decreased FPG by 38 mg/dL and HbA,, by 0.8% com- 
pared with placebo, after 26 weeks.” 


Other Oral Combinations 

The addition of acarbose to sulfonylurea or metformin therap 
represents another option for improving glycemic control in pz 
tients with T2DM, particularly those with significant postprandiz 
hyperglycemia; it also lowers HbA, a further 0.5—1%.”"” It shoul 
be reiterated that although acarbose monotherapy does not caus 
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TABLE 32-4. Oral Antidiabetic Agents as Initial Monotherapy 


Agent 


Insulin secretagogues 
Sulfonylureas 
Meglitinides 

Biguanide (metformin) 


a-glucosidase inhibitors (acarbose/miglitol) 


Thiazolidinediones/glitazones 


(rosiglitazone/pioglitazone) l Hepatic glucose production 


Major Mechanism(s) of Action 


TT Day-long pancreatic insulin secretion 
TT Postprandial pancreatic insulin secretion 
LL Hepatic glucose production 

4 Peripheral glucose utilization 

4 Postprandial carbohydrate absorption 


TT Peripheral glucose utilization 


Most Suitable Patient 


Profile Glycemic Benefit 


Lean/insulinopenic 
Lean/insulinopenic 
Obese/insulin resistant 


Fasting and postprandial glycemia 
Postprandial glycemia 
Fasting and postprandial glycemia 


Lean/insulinopenic or 
obese/insulin resistant 
Obese/insulin resistant 


Postprandial glycemia 
Fasting and postprandial 
glycemia 


Source: Data from refs. 9, 10. 14. 80, 91, 117. and 159. 


TABLE 32-5. Relative Efficacy of Oral Antidiabetic Agents as Monotherapy (Change from 


Placebo)* 
Reduction in 
Fasting Plasma 
Agent Glucose (mg/dL) 
Insulin secretagogues 
Sulfonylureas 54-70 
(various agents/doses) 
Repaglinide 61 
Metformin 59-78 
(2550 mg/day) 
Rosiglitazone (8 mg/day) 62-76 
Pioglitazone (45 mg/day) 59-80 
Acarbose (300 mg/day) 20-30 


Miglitol (300 mg/day) — 


Reduction in 


Reduction in Postprandial Plasma 


HbA. (%) Glucose (mg/dL) 

1.5-2.0 92 

1.7 104 

1.5-2.0 83 

1.5 — 

1.4-2.6 — 

0.5-1.0 40-50 
0.5-0.8 40—60 


*Since the data were not obtaincd from simultaneous trials. the comparative data arc only a rough approximation of the relative 
effectiveness: stage, severity of hyperglycemia. and type of patients studied varied in the different studics. 


Source: Data from refs. 6-8. 80, 91, 94, 116. 117. 159. 160, and 178. 


TABLE 32-6. Metabolic Effects of Oral Antidiabetic Agents as Monotherapy 


Parameter Sulfonylureas/Meglitinides 
Weight T 
LDL cholesterol 2 
HDL cholesterol < 
Triglycerides o 


Source: Data from refs. 10. 67, 75, 80, 91, 160. 177, and 178. 


FIGURE 32-18. Percent of obese subjects achieving a target HbA). < 7% 
on die/monotherapy in the UKPDS. (Data from UKPDS 49.7""*) 


g At 3 years 
E] At6years 
100 | At 9 years 


% 


Diet Group 


Sulfonyturea Group 


Metformin Group 


Acarbose 


TITT 


Metformin Rosiglitazone/Pioglitazone 
Jore T 
L eor T 
Tore TT 
L eorl 


hypoglycemia, combination with sulfonylureas may increase the 
hypoglycemic potential of the sulfonylurea. This hypoglycemia 
should be treated with dextrose, and not sucrose, which, as men- 
tioned earlier, may not be effective. 

Some physicians may choose to add bedtime insulin to oral 
agent monotherapy rather than add a second oral agent. However, it 
has been shown that the addition of metformin to ongoing sulfo- 
nylurea therapy in patients experiencing secondary failure achieves 
reductions in FPG and HbA,, that are not statistically different 
from those achieved with the addition of insulin to the current ther- 
apy or complete switchover to insulin.””° Thus, use of this combi- 
nation may delay the need to use insulin. 

If combination therapy with two oral agents does not achieve 
the desired goal, available options include (1) adding a third oral 
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TABLE 32-7. Relative Efficacy of Oral Agents in Combination 


Reduction in 
Fasting Plasma 


Reduction in 


Reduction in Postprandial Plasma 


Agents Glucose (mg/dL) HbA,, (%) Glucose (mg/dL) 

Sulfonylurea + metformin 64 1.7 87 
Sulfonylurea + acarbose — 0.5-1.0 g5 
Sulfonylurea + rosiglitazone (8 mg) 38 0.9 — 
Sulfonylurea + pioglitazone (30 mg) 52 1.2 

Metformin + acarbose — 0.8 38 
Metformin + repaglinide 39 1.4 

Metformin + rosiglitazone (8 mg) 54 1.3 — 
Metformin + pioglitazone (30 mg) 38 0.8 — 


Source: Data from refs. 77. 91, 117. 160. and 178. 


agent; (2) adding bedtime insulin while maintaining therapy with 
one or both oral agents; or (3) switching the patient to a mixed-split 
(short-acting plus long-acting insulin given in two to four daily in- 
jections) insulin regimen.~”' Although the use of combination ther- 
apy may require greater patient adaptability and compliance, most 
patients would prefer combination therapy to the alternative of ex- 
clusive insulin use. Thus, it is important to individualize therapy on 
the basis of patient preferences. 


Triple Oral Combination Therapy 

The combination of a sulfonylurea, metformin, and a glita- 
zone, or a sulfonylurea, metformin, and acarbose, is often used in 
clinical practice. The unique mechanisms of action of these agents 
can potentially complement each other to improve glycemic con- 
trol in patients with T2DM. This combination may obviate the need 
for insulin therapy, but issues of effectiveness, cost, benefit, and 
compliance have yet to be determined. Future studies will be re- 
quired to test the efficacy of these various combinations. 


Adding Insulin to Oral Therapy 

In the not-so-distant past, patients who were not adequately 
controlled with sulfonylureas were switched over to insulin exclu- 
sively. Numerous studies in the late 1980s and in the early part of 
this decade demonstrated a modest yet significant improvement in 
glycemic control with combined sylfonylurea-insulin therapy over 
that seen with insulin alone.”””?? Continuation of the sulfonylurea 
in this instance resulted in better glycemic control, primarily owing 
to the effect of evening insulin in restraining hepatic glucose output 
during the night and early morning periods (a characteristic feature 
of T2DM). Once fasting hyperglycemia is controlled, it appears 
that the daytime sulfonylureas are better able to maintain daytime 
postprandial glycemia. The use of these two agents simultaneously 
allows one to start with a low dose of insulin and results in better 
glycemic control during the transition. Combination sulfonylurea- 
insulin therapy also reduces the day-to-day variability in fasting 
glucose levels compared with a single insulin injection. 

The addition of intermediate insulin at bedtime to ongoing sul- 
fonylurea therapy has been shown to offer glycemic control com- 
parable to that of various insulin regimens and insulin-sulfonylurea 
combinations.™* Moreover, administration of insulin at bedtime 
resulted in less weight gain and reduced hyperinsulinemia. This 
regimen, known as bedtime-insulin/daytime-sulfonylurea (BIDS) 
therapy, may be better than daytime insulin therapy because he- 
patic glucose overproduction is typically most abnormal during the 
night. 


Patient selection is an important determinant in the success « 
a BIDS regimen and is more likely to be successful in obese p: 
tients who have been diagnosed with diabetes after the age of 3. 
have had diabetes for less than 10-15 years, and have gluco: 
values consistently <250-300 mg/dL. To implement BIDS the 
apy, the patient’s current sulfonylurea therapy is continued, ar 
intermediate-acting insulin (0.1-0.2 U/kg) is administered at bec 
time (usually 9-11 PM). The insulin dose is adjusted until tł 
morning FPG level is <120 mg/dL. The sulfonylurea dose shou 
be reduced if daytime hypoglycemia is a problem. Patients wt 
continue to experience hyperglycemia before supper despite a 
ceptable fasting glucose levels may require a switch to multip 
insulin injections and discontinuation of the sulfonylurea. The: 
are few, if any, apparent benefits to maintaining sulfonylure: 
when patients are on multiple doses of insulin. The above regime 
is also suitable for use in those patients who have failed a comb 
nation of a sulfonylurea and metformin. Metformin is retained | 
this regimen since its insulin-sparing effect, along with its favo 
able effect on the lipid profile, may be beneficial in amelioratir 
cardiovascular risk. 


Adding Oral Agents to Insulin Therapy 

If the oral agent-insulin combination therapies describe 
above fail, the patient is typically switched over to insulin exch 
sively; intermediate-acting insulin (NPH or Lente™) may be a 
ministered twice daily (morning and bedtime). However, a comb 
nation of intermediate-acting and regular insulin (moming ar 
supper) is more commonly used for optimal control. In some case 
multiple (three or more) injections may be necessary to achieve a 
ceptable glycemic control. Several specific insulin regimens | 
treat T2DM are available.””! 

Until recently, the only option for patients not adequately co1 
trolled with insulin was to increase their insulin dose. Howeve 
this practice further increases the likelihood of hyperinsulinem: 
and weight gain. There has been ongoing research in this area, an 
it appears that adding oral agents such as acarbose, metformin, or 
glitazone to insulin therapy—alone or in combination—is a feas 
ble way of improving or normalizing glycemic control in a signif 
cant number of patients”*** (Fig. 32-19). It may even be possible | 
discontinue insulin therapy in selected patients and reinitiate con 
bination oral hypoglycemic treatment. 


Insulin and Metformin 
Metformin may be a useful adjunct in patients poorly cot 
trolled with insulin after sulfonylurea agents have achieve 
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11.7 * 1.7 * 


4.0 4 


0.0 +— 


Sutfonylurea Metformin Acarbose Rosiglitazone Pioglitazone 


FIGURE 32-19. Improvement in glycemic control (change in HbA,,) with 
the addition of various oral agents to insulin therapy in patients with 
type 2 diabetes. *, p < 0.05: t. p < .07. compared with insulin only. 
(Data from Mudaliar ct al.??/) 


maximal effect. In these patients, metformin offers an advantage in 
that it does not stimulate insulin secretion and thereby exacerbate 
hyperinsulinemia. Metformin also does not contribute to weight 
gain, which can exacerbate insulin resistance. In a recent study in 
96 patients with T2DM poorly controlled with oral sulfonylurea 
therapy, Yki-Jarvinen and colleagues?” demonstrated that combi- 
nation therapy with bedtime insulin plus metformin not only pre- 
vents weight gain but also seems superior to other bedtime insulin 
regimens with sulfonylureas with respect to improvement in 
glycemic control and frequency of hypoglycemia. 

In a patient on a full insulin regimen achieving suboptimal 
glycemic control, one can attempt to initiate and titrate metformin 
up to 500 mg three times a day. If the FPG remains <120 mg/dL 
consistently, the dose of metformin can be further increased gradu- 
ally to a maximum of 850 mg three times a day (or 1000 mg twice 
a day). If glycemic control is adequate (FPG remains <120 mg/dL 
on 2 consecutive days), one can attempt to reduce the dose of in- 
sulin by 25% and closely monitor blood glucose values for decom- 
pensation. If this occurs or if glycemic control is not adequate on 
the maximum dose of metformin and lower doses of insulin, there 
is the option of adding a once-daily sulfonylurea (glipizide ex- 
tended release or glimepiride) and titrating the dose as required. 
The addition of a glitazone and acarbose to the above regimen also 
remains an option to the alternative of exclusive insulin treatment. 
The issues of cost effectiveness and compliance remain to be 
determined. 


Insulin and Acarbose 

The addition of acarbose to insulin therapy may be an option 
when postprandial hyperglycemia continues to be a problem. Chi- 
asson and colleagues?!’ demonstrated a decrease in HbA, of 0.4% 
by acarbose in patients poorly controlled on insulin therapy. Acar- 
bose may be initiated in patients on insulin treatment by starting 
with a low dose of 25 mg with breakfast and titrating up by 25 mg 
weekly to 50-100 mg three times daily with meals (100 mg tid 
dose for patients >60 kg in weight), depending on GI tolerance 
and efficacy. 


Insulin and a Glitazone 

Glitazones primarily improve insulin sensitivity and thus are 
well suited for use in insulin-resistant patients with T2DM. In a 26- 
week, placebo-controlled study,””° the addition of 4 mg bid of 
rosiglitazone to insulin therapy in patients poorly controlled on in- 
sulin alone (HbA, ~9%) resulted in a significant reduction of FPG 
by 44 mg/dL (42 mg/dL on 2 mg bid) and HbA,, by 1.2% (0.6% on 


2 mg bid) compared with baseline. In addition, there was a reduc- 
tion in insulin dose by 9 U on 4 mg bid (5 U on 2 mg bid). The ad- 
dition of pioglitazone also results in similar reductions.””’ After 16 
weeks, the combination of 30 mg of pioglitazone and insulin de- 
creased FPG by 48 mg/dL (35 mg/dL on 15 mg/day) and HbA,, by 
1.26% (1% on 15 mg/day). All patients remained on a median of 
60.5 U of insulin daily. 

When initiating glitazone treatment in T2DM subjects on in- 
sulin and suboptimal glucose control, the current insulin dose 
should be continued, and the lowest dose of a glitazone (4 mg of 
rosiglitazone or 15 mg of pioglitazone) should be added once 
daily. If FPG levels remain consistently above 120 mg/dL, the 
dose of the glitazone should be increased every 2—4 weeks, up to 
a maximum of 8 mg daily for rosiglitazone and 45 mg daily for 
pioglitazone until FPG levels are consistently within the target 
range. At that time, one may attempt to lower the total daily dose 
of insulin by 10-25%. It must be mentioned here that at the pres- 
ent time, rosiglitazone is not approved by the FDA for use in 
combination with insulin. Increased weight gain has been ob- 
served with this combination. 


Reinitiation of Oral Therapy in Insulin- 

Treated Patients 

The recent availability of newer oral antidiabetic agents has al- 
lowed the possibility of discontinuing insulin treatment and reiniti- 
ating oral agents in selected patients with T2DM. This therapeutic 
Strategy, however, is still under investigation. In a recent pilot 
study, out of 55 patients with T2DM who were on twice-daily in- 
sulin treatment for <10 years and had a random C-peptide level 
>0.8 ng/mL, 42 patients were successfully able to switch over to a 
combination of glyburide and metformin and discontinue insulin 
treatment.”** This change to a combination of oral agents was ac- 
complished with significantly better glycemic control (a decrease 
in HbA,, of 1.3%) and decrease in body weight (5 Ibs) over 6 
weeks. In this study,” significant factors predicting a successful 
switch to oral agents in the responders included a lower body mass 
index ratio (30 versus 34.8), lesser duration of insulin treatment 
(5.0 versus 8.6 years), and lesser total daily dose of insulin (0.8 
versus 1.2 U/kg body weight). 


CONCLUSIONS 


Until 1994, the pharmacologic management of T2DM (non- 
insulin-dependent diabetes mellitus [NIDDM], as it was then 
called) was quite straightforward. Only two classes of agents were 
available. Upon initial diagnosis, a sulfonylurea was prescribed, 
and when patients became too symptomatic or were markedly hy- 
perglycemic, insulin treatment was added or substituted. In the last 
6 years, however, two major developments have occurred. First, we 
now have unequivocal evidence from major long-term studies like 
the UKPDS that tight control of hyperglycemia in T2DM has sig- 
nificant benefits on the prevention and progression of microvascu- 
lar and possibly macrovascular disease. Second, to achieve this op- 
timal control, several new classes of oral antidiabetic agents have 
become available for use as monotherapy: insulin secretagogues 
(sulfonylureas, repaglinide, nateglinide), biguanides (metformin), 
a-glucosidase inhibitors (acarbose and miglitol), and thiazolidine- 
diones (rosiglitazone and pioglitazone). However, T2DM is a pro- 
gressive disease, and over the years tight control of blood glucose 
often involves combination therapy as a means of optimizing 
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glycemic control. Combinations of oral agents can often delay the 
need for insulin. Oral agents can also be used in combination with 
insulin to aid in achieving glycemic goals and reducing hyper- 
insulinemia. 

Which combination of oral agents or insulin is more beneficial 
is at present not clear, and studies to answer this question are in 
progress. Several new insulin sensitizer agents are also in develop- 
ment, and the feasibility of inhaled or even buccal insulin may soon 
become a reality. The ultimate objective, of course, is the preven- 
tion of diabetes. The Diabetes Prevention Program is looking into 
this very question and has randomized more than 3000 subjects 
into either an intensive lifestyle arm, a placebo arm, or a metformin 
treatment arm.®° The finding of a significant preventive effect of 
lifestyle and metformin have indicated that delay and perhaps pre- 
vention is possible.°*° This outcome is exciting indeed for those 
who take care of patients with T2DM and even more hopeful for 
those at high risk for the disease. 
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CHAPTER 33 


Behavioral and Family Aspects of the Treatment of Children 
and Adolescents with Type 1 Diabetes 


Margaret Grey 
William V. Tamborlane 


Type I diabetes mellitus (T1DM) is a complex metabolic disease 
that requires constant attention from the patient, the family, and the 
provider to achieve treatment goals. Even before the results of the 
Diabetes Control and Complications Trial"? were available, treat- 
ment of diabetes was thought to be difficult and onerous for fami- 
lies. Since release of the DCCT findings, the standards of care as 
published by the American Diabetes Association’ recommend that 
all children be treated with intensive therapy, with the goal of 
achieving levels of metabolic control as close to normal as possi- 
ble, so as to delay and/or prevent the development of the long-term 
complications of diabetes. Intensive therapy, which involves fre- 
quent blood glucose monitoring, three or more injections of insulin 
per day or use of continuous subcutaneous insulin infusion (CSII), 
carbohydrate counting, and more frequent visits to health care 
providers, thus requires a significant effort on the part of the patient 
and family to achieve treatment goals. Furthermore, those who are 
most successful in achieving treatment goals may be most at risk 
for the acute complications of intensive treatment—severe hypo- 
glycemia and clinically significant weight gain. Finally, the occur- 
rence of a chronic illness such as type 1 diabetes in a developing 
child may put the child and family at significant risk for the devel- 
opment of behavioral and social problems.** Thus, TIDM in child- 
hood has the potential to have a significant negative impact on the 
developing child and the family. Conversely, the challenges pro- 
vided by diabetes may strengthen and enhance adaptive behaviors 
in the child and the family. 


DEVELOPMENTAL AND FAMILY ISSUES IN T1DM 


Two developmental progressions are important in children with di- 
abetes. Type | diabetes progresses through four distinct stages: di- 
agnosis, partial remission or the honeymoon period, intensification, 
and total diabetes care. Furthermore, children and adolescents 
themselves are developing through several phases: infancy and 
young childhood (up to 5 years of age), school-age and preadoles- 
cent (6-11 years), adolescent (12-18 years), and young adults (19- 
24 years). According to Erikson’s® psychosocial theory, the devel- 
oping person experiences a crisis at each life stage that may result 
in a positive outcome and transition to the next phase of psychoso- 
cial development, or a negative outcome. These developmental 
phases interact with the phase of the disease and both must be con- 


sidered in managing children with diabetes and their families, a 
shown in Table 33-1. In addition, developmental status might im 
pact on the effectiveness as well as the appropriateness of variou 
interventions. 


Infancy and Young Childhood 


Diabetes in infants is relatively rare; nonetheless it does occur, witl 
less than 1.5 cases per 100,000 reported.’ According to Erikson 
the major psychosocial task of infancy is “Trust versus Mistrust.” 
During this phase, the infant must develop a foundation of trust o 
the world, and this trust is established primarily through the estab 
lishment of a relationship with a dependable caregiver. The infan 
needs to learn to trust the environment that surrounds him or he: 
through learning to trust the mother or primary caregiver. This task 
becomes extremely difficult when painful injections and finger 
sticks are a consistent part of the infant’s day. The mother may alsc 
report anxiety at the thought of causing pain to her own infant 
Cognitively, the infant learns to separate self from others and learns 
basic trust in the world.” The infant lacks the cognitive ability t 
understand that painful procedures are necessary and in the best in- 
terest of the child. For the infant, both the hospitalization and the 
ongoing treatment disrupt home routines that are so important ir 
establishing trust. These events interfere with the infant’s efforts tc 
master the developmental tasks of behavioral organization and reg- 
ulation and basic trust. Thus it is extremely important for care- 
givers to establish ritualistic routines for infants with diabetes that 
enhance the development of regulation and trust. 

These developmental issues are often compounded since the 
diagnosis of diabetes may be delayed in infants, and when the di- 
agnosis is made, the infant may be quite ill. In addition to the crisis 
engendered by the serious illness and hospitalization of their in- 
fant, parents must now adapt to the diagnosis and learn the myriad 
skills of daily management. The tremendous responsibility of care 
and fear of hypoglycemia is extremely stressful for young fami- 
lies.? Banion and colleagues” found that the younger the child with 
diabetes, the greater the concern about hypoglycemia. Since in- 
fants do not exhibit the classic catecholamine response to hypo- 
glycemia and are unable to communicate sensations associated 
with hypoglycemia, the risk of severe hypoglycemia, with seizures 
or coma, is highest in this age group. Moreover, since the brain is 
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TABLE 33-1. Major Developmental issues and Their Effect on Diabetes in Children and Adolescents 


Developmental Stage Developmental Issue 
Infancy Trust vs. Mistrust 
Toddler Autonomy vs. Shame and Doubt 


Preschooler Initiative vs. Guilt 


School-age Industry vs. Inferiority 


Adolescence Identify vs. Role Confusion 


Diabetes Management Issues Psychosocial Complications 


Failure to gain trust 
Discipline 

Temper tantrums 
Burden on families 
Magical thinking 
Regression 

Depression, withdrawal 
Peer acceptance 
Rebellion, family conflict 
Depression 

Eating disorders 


Hypoglycemia 

Toilet training 

Fear of hypoglycemia 

Irregular food intake 

Child care 

Unpredictable activity 

Beginning participation in self-care 
Cognitive effects of hypoglycemia 
Rapid physical growth 

Insulin resistance 

Lack of self-care 


still developing in infants, the adverse consequences of severe hy- 
poglycemia are also greater than in older children. Parents struggle 
with the balance between the risk of long-term complications ver- 
sus their fear of severe hypoglycemia and the risk of neuropsycho- 
logical complications. 

During the toddler years, ages 1-3, the diagnosis of type 1 dia- 
betes is more common, although the incidence is still fairly low 
compared to older age groups. The toddler’s major psychosocial 
task is to develop a sense of autonomy.” As toddlers develop more 
control of their bodies, they begin to explore and experience vari- 
ous aspects of the world. Erikson suggested that if the toddler is not 
allowed to develop this sense of autonomy and power over the en- 
vironment, a sense of shame and doubt can develop. This achieve- 
ment of autonomy relates primarily to the accomplishment of toilet 
training and mobility, and if diabetes control is not optimal, toilet 
training may be delayed. Toddlers love to explore and need to be 
given the freedom, within limits, to explore their world. In terms of 
cognitive skills, toddlers are able to participate in diabetes care 
minimally, choosing a finger for a fingerstick, for example. Be- 
cause they don’t understand the need for painful procedures, tod- 
dlers are extremely frightened of them. To begin to understand 
their autonomy, toddlers must begin to incorporate the knowledge 
of their illness into their emerging sense of self. The toddler begins 
to experience a sense of power that he or she can effect change in 
the environment. This sense of power may be reflected in temper 
tantrums and other behaviors that are indicative of a refusal to co- 
operate. Especially problematic at this age are the finicky eating 
habits and food jags associated with this age group. 

As with infants, parents carry the burden of management of 
toddlers totally. Parents also report that hypoglycemia is a constant 
fear, especially when the child refuses to eat. An important issue at 
this age is discipline and temper tantrums. It is difficult for a parent 
to tell the difference between normal developmental opposition 
and hypoglycemia, and therefore the parent must be taught to 
check blood sugar before ignoring a temper tantrum. Parents may 
be overly cautious and interfere with the child’s ability to try out 
new things. 

Preschoolers (age 3-5) need to accomplish what Erikson 
called “Initiative versus Guilt.”* In other words, they need to gain 
confidence in their ability to accomplish certain tasks. Cognitively, 
their style is preoperational and characterized by magical think- 
ing.” This developmental stage involves a child’s explanations, per- 
ceptions, and imaginations of the world. Because of their limited 
understanding, children may associate the illness or its painful 


treatment with punishment; in other words, they have diabetes be- 
cause they were bad. Further, the child believes that the illness can 
be cured at any time magically by an adult. These factors may con- 
tribute to a child developing guilt rather than initiative. Energetic 
learning helps to promote the child’s sense of purpose and direc- 
tion, giving him or her a sense of accomplishment and satisfaction 
with activities. If diabetes is diagnosed during the preschool years, 
the child may regress to clinging, bedwetting, or nightmares. As- 
sisting them to maintain their self-esteem by continuing usual ac- 
tivities and rewarding positive behaviors can be helpful. Preschool- 
ers want to please others. They have boundless energy, but still lack 
the fine motor control necessary to be an active participant in most 
diabetes care. 

For the most part, parents provide the care for preschoolers, 
but others, such as child care providers, may be involved in the 
care. Sharing care of young children with diabetes is often difficult 
for parents, who may fear that others will not know what to do.” 
Parents of preschoolers have similar anxieties and frustrations as 
those of younger children. Undetected hypoglycemia remains a 
concern because of the variations in activity associated with this 
age group, as well as the unpredictable appetite and food choices, 
and because of continuing concerns regarding the adverse effects 
of hypoglycemia on brain development and function. 


School Age 


Diabetes is the most common endocrine disorder of middle child- 
hood.'® Thus the incidence of diabetes in school-age children is 
substantially higher than in earlier age groups. In this stage, which 
Erickson calls “Industry versus Inferiority,” school-aged children 
strive to develop a sense of industry at school and at home.® The 
child is involved in new ideas and tasks or takes on a sense of infe- 
riority in which he or she feels incapable of accomplishing any- 
thing. Between the ages of 7 and 11, the child is better able to 
think, learn, remember, listen, and communicate.* Cognitive 
processes are becoming more logical and less egocentric. They are 
learning concrete cognitive operations; they now understand rules 
and follow them closely. They are able to deal with symbols and 
begin to master classifications. As children deal with the challenges 
of school, they begin to tum their attention away from the home en- 
vironment, and the peer group becomes more important. Each of 
these skills may affect the adaptation to diabetes. 

Several authors have examined the influence of the new diag- 
nosis of diabetes on children in this age group. Kovacs and col- 
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leagues!" studied a cohort of school-aged children with newly di- 
agnosed diabetes for 6 years and found that during the 6 months 
after diagnosis, children reported mild depression and anxiety, but 
these usually resolved by 6 months after diagnosis. They also 
found that after the first year, there was an increase in depressive 
symptoms, and anxiety decreased for boys but increased for girls 
over the first 6 years after diagnosis.'' Similarly, Grey and col- 
leagues“ found that after an initial period of adjustment character- 
ized by depression and mild anxiety, children with newly diag- 
nosed diabetes were psychosocially similar to age- and 
gender-matched peers until the period between 1 and 2 years post- 
diagnosis, when depression markedly increased in the diabetes 
group. This increase in depression may be associated with the end 
of the physiologic honeymoon period as well as with the stage of 
psychosocial adjustment to the disease, when children come to re- 
alize that the disease will not go away and that it is more difficult to 
manage. 

Both longitudinal and cross-sectional studies have suggested 
that school-age children with diabetes may have difficulties in psy- 
chosocial adjustment. In general, the majority of children will do 
well, but diabetes may become a risk factor for the development of 
psychosocial difficulties in a relatively small percentage of chil- 
dren, often estimated at approximately 10-20%.° In most studies of 
overall adjustment, however, children with diabetes were found to 
score within the normal range or similarly to age- and gender- 
matched controls in such areas as behavior," temperament," and 
self-competence and self-esteem.*'' In those who do demonstrate 
psychosocial difficulties in the school-age years, children tend to 
be more depressed, withdrawn, and quiet, and their metabolic con- 
trol may also be compromised." 

Although the majority of children do well, some children 
have difficulty, and researchers have examined several areas that 
may help to predict those children. How children cope with hav- 
ing diabetes as well as other stressors in their lives has been in- 
vestigated in a number of studies. Kovacs and her colleagues’! re- 
ported that during the first year after diagnosis, children used 
instrumental and problem-focused coping strategies, including 
seeking diabetes-related information. Early in the course of the ill- 
ness, these authors did not find a correlation between coping be- 
haviors and psychologic adjustment. On the other hand, Grey and 
associates”? found that behaviors and lack of self-care of the dia- 
betes were associated with poorer psychosocial adjustment 1 year 
after diagnosis. 

The complexity of the diabetes regimen requires adherence to 
a multitude of tasks. There have been several studies that examined 
adherence to the diabetes regimen in school-age children with dia- 
betes. In a study of an onset cohort of children with diabetes, initial 
assessment of patient coping was found to be associated with the 
level of patient adherence over 4 years of study.'? Coping strate- 
gies, such as problem-focused coping, contributed significantly to 
treatment responsibility among children with diabetes, and higher 
levels of avoidance coping were associated with poorer metabolic 
control.’° 

Another factor associated with regimen adherence is the in- 
volvement of the family. Earlier approaches to diabetes manage- 
ment advocated early transition of care responsibilities to children 
with diabetes. Fonagy and coworkers'® studied factors associated 
with poorer metabolic control and found that a child’s early and in- 
dependent participation in the diabetes regimen was significantly 
associated with poorer control. This finding was replicated in a 
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later study,'” so that current recommendations for care emphasiz 
shared care responsibilities between parents and children. 

It is clear that the diagnosis of diabetes in a child has a signifi 
cant impact on parents and families. As part of their prospectiv 
study of school-aged children with newly diagnosed diabetes, Ko 
vacs and associates’? interviewed parents as well as children anc 
found that the initial strain of living with diabetes elicited mild an 
subclinical depression, anxiety, and overall distress, especially i1 
mothers. By the end of the first year, most mothers came to term: 
with the diabetes, and other areas of parental functioning such a: 
the quality of the marriage were not affected. Nonetheless, parent: 
remain concerned with their ability to manage the diabetes regimer 
and cope with restraints imposed by the illness, and this coping hac 
psychological effects, such as anxiety and depression, on the par- 
ents. 

Such parental distress may be associated with child adjust- 
ment, demonstrating the transactional nature of relationships in 
these families." Parental conflict, cohesion, and organization in the 
first year after diagnosis have been found to be associated with ad- 
herence to the diabetes regimen in children.”° Furthermore, as chil- 
dren age, the influence of family and parental environment on 
metabolic control may decrease. 

Both children and parents fear hypoglycemia and the potential 
for hypoglycemia to interfere with learning. Even mild hypo- 
glycemia causes acute alterations in cognitive function, especially 
associative learning, attention, and mental flexibility.”' A single 
episode of hypoglycemia causes both lower plasma glucose thresh- 
olds for autonomic activation and symptoms and lower nadir 
plasma glucose concentrations during moderate hyperglycemia.”* 
Thus the potential for further acute events increases. Cognitive 
deficits associated with the acute phase of hypoglycemia include 
transient reduction in mental efficiency, altered electroencephalo- 
gram, and increased regional cerebral blood flow.” There is some 
evidence that some cognitive deficits persist beyond the acute 
phase. Several investigations have found that while diabetes itself 
is not associated with cognitive deficits, cognitive dysfunction may 
be increased in children and adolescents who have experienced se- 
vere hypoglycemia.**”> Recent data suggest that some of the learn- 
ing difficulties in children who have experienced severe hypo- 
glycemia earlier in life may be due to difficulties in delayed spatial 
memory.”° In addition, the occurrence of hypoglycemia leads to 
fear of the next episode of hypoglycemia. Researchers have sug- 
gested that fear of hypoglycemia is a legitimate consequence of hy- 
poglycemia in children and that the aversive nature of severe hypo- 
glycemia may lead patients and parents to institute behavioral 
changes to maintain higher blood glucose, overtreatment of initial 
symptoms, and poorer metabolic control. Further, fear of hypo- 
glycemia may be associated with poorer psychological status and 
adaptation as well.” For some children, the ability to use avoid- 
ance behaviors, such as raising the blood glucose target levels, may 
not be under their control. Parents also report substantial anxiety 
and fear of hypoglycemia, and they too may engage in behaviors 
that serve to avoid hypoglycemic events. 

School-age children with diabetes can begin to assume some of 
the daily diabetes management tasks, such as insulin injections and 
blood glucose testing. However, they will still need significant as- 
sistance from their families for management decisions. It is impor- 
tant to encourage school-age children to attend school regularly 
and to participate in school activities and sports to facilitate the de- 
velopment of normal peer relationships. Children with diabetes 
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often feel that they are different from their peers because of the di- 
abetes and may be at risk for difficulties with social competence.”? 


Adolescent 


Adolescence is a period of rapid biological change accompanied 
by increasing physical, cognitive, and emotional maturity. Adoles- 
cents are struggling to find their own identity separate from their 
families. If they have difficulty with identity formation, Erikson*” 
describes it as role confusion. Many of the diabetes care-related 
tasks can interfere with the adolescent’s drive for independence 
and peer acceptance. Peer pressure may generate strong conflicts. 
In this age group, there is a mighty struggle for independence from 
parents and other adults that is often manifested as poorer adher- 
ence to the diabetes regimen. Cognitively, adolescents are begin- 
ning to attain the skill of formal operations.* Formal operations 
allow adolescents to “think about their own thinking,” transfer in- 
formation from one situation to another, deal efficiently with com- 
plex problems, plan realistically for the future, and conceptualize 
more abstract ideas. Perhaps because adolescents often manifest 
more difficulties in diabetes management and more overt psy- 
chosocial problems than younger children, the great majority of 
psychosocial! and behavioral literature deals with adolescents. 

Hormonal changes trigger the onset of puberty and the devel- 
opment of secondary sexual characteristics, ultimately resulting in 
the attainment of adult stature and proportion. During this period, 
adolescents are narcissistic, being preoccupied with their bodies 
and the changes occurring to them. Second, teens evolve from con- 
crete thinkers into abstract thinkers, making understanding of the 
relationship of self-care to outcomes difficult. The period is also 
marked by feelings of ambivalence, impulsiveness, and mood 
swings, associated with the struggle with separation from parents 
and the need to be accepted by peers. Finally, adolescents engage 
in experimentation and risk-taking behaviors which may adversely 
affect self-care and clinical outcomes as well. 

Metabolic control tends to deteriorate in adolescence as a re- 
sult of several factors: the natural decrease to zero of the produc- 
tion of insulin by the pancreas; the hormonal changes of adoles- 
cence, which are associated with insulin resistance and the 
corresponding need for very large doses of insulin;*' and adoles- 
cent rebellion, which is associated with poorer adherence to the 
treatment regimen.” To further complicate matters, adolescents 
who are most successful in lowering plasma glucose levels are at 
the greatest risk for severe hypoglycemic events.” 

For the most part, it is accepted that diabetes is a risk factor for 
adolescent psychiatric disorder.** Approximately three times more 
adolescents with diabetes have psychiatric disorders than their age- 
mates, with rates as high as 33%. This increased morbidity is pri- 
marily associated with the incidence of major depression (approxi- 
mately 27.5%)** and generalized anxiety disorder (18.4%), rather 
than psychiatric behavioral disorders.” Furthermore, a substantial 
number of adolescents with diabetes consider suicide after the 
onset of the disease.” The rate of suicidal ideation has been found 
to be higher than would be expected (26.4%), but in contrast, the 
number of suicide attempts was only 4.4%, which is a rate compa- 
rable to the general population of adolescents.*° In addition, ado- 
lescents who have recurrent diabetic ketoacidosis may be more 
likely to have psychiatric disorders, especially anxiety and depres- 
sion, than those without recurrent hospitalization.” These studies 
are important because not only is psychiatric illness a serious com- 


plication of diabetes, it may be associated with poorer metabolic 
control. 

Eating disorders have also been associated with diabetes in 
adolescents. This topic has been studied for nearly 20 years with 
mixed findings. Several studies have suggested that adolescents 
with diabetes are at no higher risk for eating disorders than their 
peers without diabetes,” 83 Whereas other studies have found rates 
of both anorexia and bulimia to be higher in youths with TIDM, 
and have described a specific type of eating disorder seen in these 
patients, insulin omission to control weight.” Youths, especially 
girls, with such eating disorders are more likely to have other psy- 
chiatric morbidity, as well as poorer metabolic control of diabetes*! 
and recurrent hospitalizations.” 

How individuals cope with the burdens of a chronic condition 
has an important impact on the effectiveness of therapy. Coping 
with the demands of self-management can be a formidable task. 
These demands include both the physical demands of management 
as well as the emotional and social demands of adaptation. A variety 
of studies have demonstrated that the period of adolescence is often 
associated with neglect of self-monitoring, dietary recommenda- 
tions, and pharmacologic treatments. Such neglect in self-manage- 
ment is usually not associated with a deficit in knowledge; rather the 
cognitive and developmental characteristics of adolescence make 
appropriate decision making more complex. Thus adolescents are at 
high risk for poorer clinical outcomes, hospitalization, and eventu- 
ally, the development of long-term complications. '*“? 

While a smaller percentage of adolescents with diabetes mani- 
fest significant psychiatric problems, many have difficulty in psy- 
chosocial adjustment. The presence of diabetes in adolescence may 
hinder normal adolescent development by limiting the develop- 
ment of independence. One recent study examined the personal 
meaning and perceived impact of diabetes on 54 adolescents and 
found that youths felt that diabetes controlled or limited their free- 
dom and independence. Girls have been found to report more 
symptoms of anxiety and depression related to these restrictions 
and to be in worse metabolic control than boys.** 

Because difficulties in regimen adherence are so common in 
adolescents, and poorer regimen adherence is associated with 
poorer metabolic control,*° there have been a number of studies that 
have examined factors associated with adherence. Such factors may 
be internal, such as coping behaviors or styles,*” gender,“ 
age,™” and motivations,” or external, such as the supportiveness of 
the family’ and the health care system.” Adolescents who fre- 
quently neglect self-management have less motivation and less sup- 
port and believe that nonadherence is an issue of personal freedom.” 

Adolescence is also a period of intense experimentation with 
risky behaviors. Interestingly, although youths with diabetes fre- 
quently experiment with diabetes mismanagement through nonad- 
herence, the rates at which they report other risky behaviors, such 
as alcohol use, smoking cigarettes, drug use, and unprotected inter- 
course, are lower than the general population of adolescents.™ 
These rates are still substantial, however, and many of these behav- 
iors can interfere with diabetes self-management as well. Further- 
more, while girls are more likely to participate in diabetes misman- 
agement, boys are more likely to engage in risky behaviors.” 

Although adolescents are struggling to define their own iden- 
tity apart from the family, the family has continued and profound 
effects on the adolescent with diabetes. A number of studies pro- 
vide support for the association between family cohesion and bet- 
ter metabolic control in adolescents,” but there is some evidence 
that this relationship may be attenuated by disease duration." 
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Other researchers have also shown that adolescents whose parents 
maintain some guidance and control in the management of diabetes 
have better metabolic control.'”*° Thus, continuing to involve par- 
ents appropriately, with shared management, is associated with im- 
proved control. The challenge is to find the degree of parental in- 
volvement that is comfortable for all involved, without risking 
poorer control from overinvolvement or underinvolvement.*’ Such 
involvement in diabetes management in this developmental stage 
can affect parent-adolescent relationships. Parent-child conflict has 
been associated with poorer diabetes outcomes in several stud- 


ies 28°? 


Transition to Young Adulthood 


It is only recently that the issues related to the long-term outcomes 
of youths who have chronic conditions have received attention in 
the literature, much of it concerned with the differences in ap- 
proaches between pediatric care and adult care. Bussing and Aro 
surveyed adolescents in a school at age 16 and again at age 22 and 
compared individuals with chronic conditions to those without 
chronic conditions, to determine the effect of the chronic condition 
on a variety of functional outcomes.*' They found that adolescents 
with chronic health conditions attained levels of well-being, educa- 
tion, and marriage or dating as young adults similar to their peers 
without chronic conditions. Their findings also suggest, however, 
that males with a chronic condition may be at higher risk for de- 
pression than females or those without chronic conditions. 
Wysocki and colleagues studied 81 young adults with diabetes and 
found higher rates of psychopathology compared to others, and 
that poorer metabolic control and poorer adjustment to diabetes in 
adolescence are associated with poorer status in early adulthood. 
On the other hand, Pless and colleagues retrospectively surveyed 
431 young adults (aged 18-34 years) and found that efforts to 
achieve better metabolic control during childhood, whether suc- 
cessful or not, were not associated with psychosocial problems 
later in life. In one of the few longitudinal studies of youths with 
chronic conditions, Jacobson and colleagues™ found that DM pa- 
tients had lower perceived competence, self-worth, and sociability 
than young adults without chronic illness. All of these studies, 
however, were conducted prior to the release of the findings of the 
Diabetes Control and Complications Trial (DCCT) and the recom- 
mendations for intensive treatment for all youths. Since improved 
metabolic control is achieved earlier as a result of intensive ther- 
apy, it may be that such regimens will be associated with improved 
status over time, but this assumption has not been evaluated. 


INTERVENTIONS AND IMPLICATIONS 
FOR TREATMENT 


Team Management 


Given the complexity of diabetes management, children and ado- 
lescents with TIDM should be routinely cared for at a diabetes 
center that employs a multidisciplinary team of practitioners who 
are knowledgeable about and experienced in the management of 
young patients.** Such teams should ideally consist of pediatric en- 
docrinologists, diabetes nurse specialists or practitioners, dieti- 
tians, social workers or psychologists, and referral resources for 
eye, renal, neurologic, and other problems. Such teams need to 
project a positive, upbeat approach to treatment, communicate well 
among themselves, and be self-critical of their own performance. 
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Databases that track overall clinic performance with respect to ir 
portant outcomes can be very useful. 


Psychosocial Interventions 


There have been a number of studies on the effects of psychosoci 
interventions for children and adolescents with diabetes. Repor 
on psychosocial interventions include those that focused on copi! 
skills training, stress management and relaxation, and social su 
port in groups or camps. 

A series of studies have been conducted using coping skil 
training for children and adolescents with diabetes. Coping skil 
training is designed to increase competence and mastery by retrai 
ing inappropriate or nonconstructive coping styles and patterns : 
behavior into more constructive behaviors. Coping skills trainit 
for youths with diabetes is based on the hypothesis that improvir 
coping skills will improve the ability of youths to cope with tl 
problems faced on a day-to-day basis in managing diabetes. 

In an experimental study that combined both instruction 
blood glucose management and coping skills training called Stre 
Management Training in Adolescents, Boardway and associates 
found that while diabetes-specific stress was decreased in the e 
perimental group, there were no differences in metabolic control . 
measured by HbA., coping styles, self-efficacy, life events, or a 
herence over 9 months. In contrast, Grey and colleagues” reporte 
on the results of a larger randomized clinical trial, with a sufficie 
sample to achieve statistical power, to determine both metabol 
and psychosocial effects of coping skills training. These studies f 
cused on adolescents initiating intensive insulin therapy after tl 
results of the DCCT were released.” In their study of 77 youth 
they found significant improvements in metabolic control, gener 
self-efficacy, and quality of life as compared to the control grou 
over 12 months of follow-up.” 

Two studies were found that used meditation and other forn 
of stress reduction as a method to improve diabetes care and ou 
comes. Since stress has been found to be associated with alte 
ations in metabolic control, it is hypothesized that such interve 
tions will assist those with diabetes to have better metabol 
control. Mendez and Belendez™ conducted a quasi-experiment | 
stress management in 37 adolescents and compared this program 
routine medical care. The program consisted of 12 sessions that i 
cluded review, information, and practicalities of diabetes manag 
ment, with a focus on stress and coping with stress, including pro 
lem solving. Results showed posttest improvements in diabet 
information, adherence, daily hassles, social responses, skills, fr 
quency of testing, and errors in blood glucose testing, as measure 
by observation, and negative family support. There were no effec 
on self-reported dietary and physical exercise behavior or met 
bolic control. When retested at 13 months after the interventio 
knowledge, barriers to adherence, hassles, and social interactio1 
remained better in the stress management group. 

Over the years, a number of studies have suggested that soci 
support is associated with improved adherence and metabolic co 
trol in adolescents with diabetes, but despite the understanding th 
social support is important, there have been relatively few inves! 
gations of socially supportive interventions." These interventio! 
differ from group approaches used to teach coping skills and oth 
approaches in that the goal is to improve the supportiveness of tl 
environment rather than to attain specific skills. Interventions th 
focus on the family as the unit of social support are discussi 
below under family interventions. 
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Dr. Barbara Anderson and colleagues™ examined the effective- 
ness of a peer group intervention for young adolescents to attempt 
to prevent the usual decline in metabolic control associated with 
adolescence. They hypothesized that providing peer support and 
education in making adjustments in the diabetes regimen according 
to self-monitored blood glucose results would prevent this decline. 
In this intervention, small groups of adolescents met at each of 
their clinic visits. Emphasis was placed on the use of blood glucose 
data and peer support to improve control. Results indicated that 
metabolic control was significantly better in the experimental 
group, who reported more adjustments for exercise, diet, and in- 
sulin dose based on blood glucose testing than did those who re- 
ceived routine follow-up care. 

Others are interested in social support provided over the tele- 
phone or by adult mentors for younger youths. Daley” paired 
adults with T1DM with adolescents with newly diagnosed diabetes 
to improve adolescents’ adjustment to diabetes. The sample for this 
study differs from many intervention studies, in that it is approxi- 
mately 44% minority (Hispanic and African-American). The 54 
subjects ranged in age from 12-16 years, and the sponsor interven- 
tion was provided for 10 months. Results indicated that for the 
most part, there were no differences (metabolic control, behavior, 
adjustment, anxiety) between the sponsorship group and the con- 
trol group, but subjects in the sponsorship group reported an in- 
crease in social acceptance and romantic appeal. Furthermore, in 
qualitative interviews, subjects in the experimental group reported 
that the sponsors provided an important source of previously un- 
available support. 

In summary, there have been a number of psychosocial ap- 
proaches studied for children and adolescents with diabetes, but the 
majority have been conducted with adolescents. Little attention has 
been paid to younger children and to the families and extended 
families of these children. Many of these reports are not rigorous 
experimental designs, but case control studies or one-group 
pretest-posttest preexperimental designs. Nonetheless, where ade- 
quate controlled studies have been done, interventions such as cop- 
ing skills training and peer support have been demonstrated to lead 
to improved adjustment or quality of life as well as improved meta- 
bolic control. 

Family interventions are those in which the target of the inter- 
vention is the family members of a child or adolescent with dia- 
betes rather than the index child. Reviews of the literature on fam- 
ily aspects of chronic illness reinforce the view that while there 
have been methodological problems in studying families of indi- 
viduals with chronic illness, families have an important influence 
on children and adolescents with diabetes. ”' 

Studies of family intervention include those whose interven- 
tion was targeted on family members, primarily parents, and did 
not focus on outcomes in children, adolescents, or parents alone. 
Satin and associates” conduced an experimental study of a multi- 
family group intervention of support and guidance, and a multi- 
family group intervention plus parent simulation of diabetes, and 
compared outcomes with a control group of adolescents and fami- 
lies who received routine care. A total of 32 families participated 
and were randomly assigned to the three groups. The interventions 
consisted of six weekly sessions that included adolescents and their 
parents, in which guidance and support were provided, using prin- 
ciples of group therapy. For the group who received the multifam- 
ily intervention plus simulation, the parents simulated having dia- 
betes and doing all of the self-care for 1 week. Controls received 
routine care. Results indicated that the group who received the 


multifamily intervention with simulation had the best improvement 
in metabolic control. Parents in both intervention groups had more 
positive perceptions of teens with diabetes, but no differences were 
found on estimates of self-care or family environment. 

Wysocki and colleagues’*’* conducted experimental studies 
that compared the effectiveness of Behavioral Family Systems 
Therapy with that of education and support groups for families of 
adolescents in reducing parent-adolescent conflict in diabetes man- 
agement. This intervention focused on families with pretest scores 
demonstrating at least moderate general or diabetes-specific family 
conflict. Behavioral Family Systems Therapy targets parent- 
adolescent conflict by focusing on family problem solving and 
communication skills, the degree to which family members hold 
extreme beliefs about one another’s behavior, and the extent of 
family structural or systemic anomalies. The experimental treat- 
ment consisted of 10 sessions with parents and adolescents that 
emphasized problem solving for conflict resolution, communica- 
tion skills training for parent-adolescent communications, cogni- 
tive restructuring for family members’ beliefs and attributions, and 
functional or structural family therapy to target maladaptive char- 
acteristics of family functioning. A total of 119 families with ado- 
lescents with diabetes participated in these studies. Using scales 
developed and validated for this study, results demonstrated that 
the Behavioral Family Systems Therapy showed more improve- 
ment in parent-adolescent relationships, diabetes-specific family 
conflicts, treatment adherence, metabolic control (in boys and 
younger girls only), and treatment evaluation as compared to edu- 
cation and support groups. By 6 months, the improvements in 
parent-adolescent relationships were maintained, but those related 
to adherence or metabolic contro] were not. 

As parents and children negotiate responsibilities in diabetes 
management, and as these responsibilities change over time, it is 
likely that parent-adolescent conflict will develop. Anderson and 
colleagues”* developed an office-based intervention aimed at main- 
taining parent-adolescent teamwork in diabetes management tasks 
without increasing diabetes-related family conflict. In a study of 85 
adolescent patients and their parents, they found that the brief in- 
tervention carried out in quarterly office visits for 12 months led to 
no decrease in parental involvement in insulin administration and 
blood glucose testing, with significantly less family conflict as 
compared to usual care. Over a 24-month follow-up period, aver- 
age levels of glycosylated hemoglobin did not differ between the 
groups, but more teens in the teamwork group had improved con- 
tro] than in the comparison group. 


SUMMARY 


Clearly, type | diabetes diagnosed in childhood has a profound ef- 
fect on children and their families. Diabetes requires constant vigi- 
lance to maintain good metabolic control without increasing the 
risk of severe hypoglycemia. Both parents and children struggle 
with this awesome responsibility, and they may need special inter- 
ventions to assist in not only maintaining good metabolic control, 
but also improving their quality of life. 
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CHAPTER 3 4 


Diabetic Ketoacidosis 


Elizabeth Delionback Ennis 
Robert A. Kreisberg 


Diabetic ketoacidosis (DKA) is an important and serious complica- 
tion of decompensated diabetes mellitus. Each year there are ap- 
proximately 798,000 individuals with newly diagnosed diabetes 
mellitus (DM). By 1998, there were an estimated 15.7 million 
persons in the U.S. (5.9% of the total population) with diabetes 
mellitus. 

In 1994, the most recent year for which data are available, 
there were 113,000 hospital discharges in which DKA was listed 
and 89,000 in which it was the primary diagnosis.’ Although im- 
pressive, these data underestimate the true incidence of DKA since 
mild diabetic ketoacidosis is often treated in a physician’s office or 
an emergency department. In 1997, $1.324 billion out of a total of 
$44.138 billion spent on diabetes was expended for treatment of 
acute metabolic conditions (~3% of the total).! Based on the re- 
ported 1994 prevalence of DKA, this leads to a calculated cost of 
$12,000-$15,000 per episode.’ 

DKA is the presenting manifestation of type 1 diabetes melli- 
tus in only 20-25% of cases, and most cases of DKA do not occur 
in individuals with new-onset diabetes mellitus.”? Eighty percent 
of DKA episodes occur in patients who are known to have diabetes 
mellitus. Since the majority of the episodes of DKA occur in pa- 
tients with known diabetes mellitus and 20% of patients with DKA 
have multiple annual episodes, better patient education is needed. 

DKA occurs with equal frequency in men and women; how- 
ever, it does not occur with equal frequency in all races.' African- 
Americans have an excess DKA burden and data from 1980-1994 
show that African-Americans had 2.3 times more hospital dis- 
charges for DKA than whites (15.7 episodes versus 6.8 episodes 
per 1000 diabetic population).' Additionally, the rate of DKA in- 
creased in African-Americans from 1980-1994, while during the 
same time it decreased in whites.’ 

Overall, the DKA death rate did not change from 1980-1994.' 
Each year there are approximately 1800 deaths in which DKA is 
the primary diagnosis.’ There are an additional ~2800 deaths 
yearly in which DKA is a contributing cause of death.’ From 
1980-1994 the age-adjusted DKA death rate decreased 34%.' The 
highest DKA death rates are in persons >75 years of age, likely 
due to their comorbid medical conditions, and in persons <45 
years of age.' African-American men have the highest DKA death 
rates, followed by African-American women and whites.’ DKA 
mortality data are not available for many other ethnic groups such 
as Native Americans and Hispanics in whom diabetes is a prevalent 
condition. 


Ketoacidosis is generally thought to be a problem of young di- 
abetics; however, the average age of patients with ketoacidosis is 
43 years and 50-85% of the episodes of DKA occur in adults.“ 
Since these data were collected when the terms juvenile-onset and 
adult-onset diabetes were still being used, the results cannot be di- 
rectly extended to type | diabetes mellitus (T1DM) and type 2 dia- 
betes mellitus (T2DM). Some older patients have TIDM and are 
predisposed to the development of DKA just as are younger pa- 
tients. Many patients with DKA probably have T2DM since 19% 
of the patients in one series were obese.” 

Although the entities of DKA and hyperglycemic hyperosmo- 
lar syndrome (HHS) are often discussed as separate problems, 
many authors believe they represent states of decompensated dia- 
betes that differ only by the magnitude of dehydration and the 
severity of acidosis. Careful review of large numbers of patients 
with decompensated diabetes mellitus suggests a continuum of de- 
compensation with DKA at one extreme and HHS at the other.’ 
Among patients with decompensated diabetes, 22% have DKA, 
45% have HHS, and 33% have features of both.® 

DKA may not be obvious at admission; in one series 20% of 
patients were not initially recognized to have ketoacidosis and 
were admitted to the hospital for a primary diagnosis other than di- 
abetes mellitus.’ 


PATHOGENESIS OF DIABETIC KETOACIDOSIS 


Although DKA is a complex metabolic disturbance of glucose, fat, 
and protein metabolism, the signs and symptoms are primarily due 
to abnormalities in the metabolism of carbohydrate and fat. The 
biochemistry of ketogenesis, which is critical in DKA, is discussed 
in detail in Chap. 2. 

Hyperglycemia and consequently hyperosmolality occur as a 
result of overproduction of glucose by the liver and underutiliza- 
tion of glucose by peripheral tissues. When the blood glucose con- 
centration exceeds the threshold for renal tubular reabsorption of 
glucose, glucosuria occurs and, as a result of the osmotic diuresis, 
water is lost in excess of electrolyte. Glomerular filtration is ini- 
tially increased as water moves from the intracellular to the extra- 
cellular compartment due to the increase in extracellular osmolal- 
ity. With the development of marked hypovolemia, glomerular 
filtration and renal glucose losses diminish, resulting in more se- 
vere hyperglycemia. 
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Because of the tight metabolic coupling of hepatic gluconeo- 
genesis to ketogenesis, ketone body production is activated in 
DKA; its magnitude usually parallels that of glucose production. 
Ketoacidosis is primarily due to the overproduction of ketoacids by 
the liver, although underutilization of ketones makes a minor con- 
tribution to the ketonemia. The increase in ketoacid production 
causes the loss of bicarbonate and other body buffers, resulting in 
the development of metabolic acidosis. 

DKA develops as a consequence of a deficiency of insulin and 
an excess of the glucose counterregulatory hormones cate- 
cholamines, cortisol, glucagon, and growth hormone. ”™™? The in- 
sulin deficiency may be relative rather than absolute. Insulin con- 
centrations in patients with DKA are ~10 pU/mL,’ values that are 
clearly normal under basal conditions in a euglycemic individual, 
but are inappropriately low for the hyperglycemia that exists in pa- 
tients with ketoacidosis. Glucose counterregulatory hormone con- 
centrations are increased in DKA, as a result of coexistent physical 
and emotional stress or illness,” or simply as a consequence of in- 
sulin deficiency.® The concentrations of some of these hormones 
increase when insulin therapy is withdrawn under controlled exper- 
imental conditions that minimize stress and hypovolemia." The 
administration of specific counterregulatory hormones to patients 
with TIDM who continue to receive intravenous insulin at rates 
that maintain basal insulin concentrations increases glucose and 
ketone body concentrations.’ The development of DKA in patients 
who continue to take their insulin further emphasizes that the bal- 
ance between insulin and the counterregulatory hormones is very 
important in the pathogenesis of ketoacidosis. The predisposition 
of the patient with diabetes to ketoacidosis is further amplified by 
the accentuated release of the glucose counterregulatory hormones 
that occurs in poorly controlled diabetes. The poorly controlled di- 
abetic develops higher concentrations of certain counterregulatory 
hormones for any given level of stress than does the nondia- 
betic.'' In addition, the biologic response to a given concentra- 
tion or dose of a glucose counterregulatory hormone is exaggerated 
in DKA." Studies conducted in animals and humans for the pur- 
pose of understanding stress hyperglycemia demonstrate that the 
glucose counterregulatory hormones interact in a synergistic, 
rather than additive, manner (see Chap. 9). Mls 

Glucagon is of particular importance in the development of 
DKA, because it influences both gluconeogenesis and ketogenesis 
(see Chap. 7). At physiologic concentrations, glucagon does not in- 
hibit glucose utilization by peripheral tissues nor does it increase 
fat mobilization. When there is an absolute or relative deficiency of 
insulin, glucagon directly stimulates gluconeogenesis and ketogen- 
esis. Glucagon secretion is increased in DKA and the magnitude of 
ketone body production directly correlates with the plasma glu- 
cagon concentration.® A deficiency of insulin and/or an excess of 
catecholamines, cortisol, and growth hormone augments hepatic 


glucose production, inhibits peripheral glucose utilization, in- 
creases fat mobilization, and stimulates ketogenesis.'*** Free fatty 
acids (FFAs) provide the substrate necessary to support glucagon- 
stimulated hepatic ketogenesis. Glucagon can directly increase ke- 
tone body production in the absence of increased FFA release from 
adipose tissue by activating lipolysis of hepatic triglyceride. How- 
ever, sustained production of ketone bodies requires an adequate 
supply of substrate FFAs.” The central role of glucagon in the de- 
velopment of ketoacidosis is emphasized by the attenuation that 
occurs in the rates of gluconeogenesis and ketogenesis when glu- 
cagon secretion is inhibited with somatostatin.*“> When insulin is 
withdrawn from diabetic patients, the major hormonal factors lead- 
ing to DKA are probably insulin deficiency and glucagon excess. 

The presence of increased concentrations of cortisol, epineph- 
rine, growth hormone, and norepinephrine accentuates the impair- 
ment in peripheral glucose utilization and enhances lipolysis 
produced by insulin deficiency. In this way, the glucose counterreg- 
ulatory hormones directly or indirectly increase ketone body pro- 
duction. In addition, epinephrine and cortisol are capable of in- 
creasing hepatic glucose production, through both glycogenolysis 
and gluconeogenesis. 

The withdrawal of insulin from well-controlled patients with 
T1DM results in a prompt increase in hepatic glucose and ketone 
production.” Glucose utilization increases transiently, probably due 
to enhanced glucose utilization by non-insulin-dependent tissues, 
but glucose clearance is markedly reduced." When insulin is read- 
ministered to these patients, glucose and ketone production de- 
crease promptly, as do the plasma glucose and ketone body con- 
centrations. However, these are controlled conditions in which 
hypovolemia and other stress factors are not present. Consequently, 
the roles of cortisol, epinephrine, and growth hormone in the devel- 
opment of DKA are minimized. 

The withdrawal of insulin from previously well-controlled dia- 
betics leads to progressive increases in the concentrations of epi- 
nephrine and glucagon.” These hormones are considerably more 
important in the development of ketoacidosis under everyday cir- 
cumstances when illness, physical and emotional stress, and hypo- 
volemia are coexistent factors. Although it is likely that the ele- 
vated concentrations of glucose counterregulatory hormones may 
themselves play an important role in the metabolic decompensa- 
tion of DKA, their elevation may be due solely to insulin with- 
drawal. Whatever the role of the glucose counterregulatory hor- 
mones, they are clearly capable of further intensifying the 
metabolic defects that exist in DKA. Stress leading to the release of 
the glucose counterregulatory hormones can precipitate DKA in 
the presence of the usual insulin dose, whereas omission of insulin 
and its ensuing deficiency can result in the release of glucose coun- 
terregulatory hormones that further aggravate the metabolic effects 
of insulin deficiency. 


TABLE 34-1. Effects of insulin and Insulin Counterregulatory Hormones 


Gluconeogenesis 


Liver 
Insulin J 
Glucagon T 
Epinephrine T 
Cortisol T 
Growth hormone > 


Glucose Lipolysis 
Ketogenesis Utilization Adipose 
Liver Muscle Tissue 
L T L 
y > -> 
T L T 
T L T 
T L T 


Chapter 34 


Glucose counterregulatory hormones decrease tissue respon- 
siveness to insulin beyond the binding of insulin to its receptor 
(i.e., postreceptor or postbinding defect). Thus normal basal con- 
centrations of insulin are less effective when there are increased 
concentrations of the glucose counterregulatory hormones. The bi- 
ologic effects of these hormones are summarized in Table 34-1. 

Recently, the possibility that prostaglandins (PGI, and PGE,) 
may play a role in DKA was considered because their production is 
increased in experimental models of insulin deficiency.”>* In par- 
ticular, it has been suggested that PGI, may contribute to the nau- 
sea, vomiting, abdominal pain, and “warm shock” commonly seen 
in patients with DKA.”° 


PRECIPITATING FACTORS 


Intercurrent illness and discontinuation of insulin represent the two 
most readily identifiable factors that lead to the development of 
DKA.*”*° Coexistent medical illness is the most common factor, 
accounting for 50-60% of the causes of DKA.*?*"° Infection is a 
common precipitating factor in patients with DKA. The inadver- 
tent or unsuspected interruption of insulin administration due to 
pump malfunction in patients on continuous subcutaneous insulin 
infusion (CSII) is relatively common in some centers.?!*” For ex- 
ample, in one study approximately 30% of patients treated with 
CSII developed ketoacidosis; half of the episodes were due to un- 
noticed interruption of insulin delivery, whereas the other half were 
associated with infection.” Fasting of moderate duration may po- 
tentiate the ketosis that occurs with insulin deficiency in T1DM pa- 
tients while reducing the degree of hyperglycemia.” 

In approximately 20-30% of patients with DKA, no precipitat- 
ing factor can be found. This suggests that emotional stress may 
contribute to the development of DKA in certain patients.** Al- 
though recent studies have not supported the importance of psy- 
chological stress as a precipitating factor,” the stress models used 
in these studies do not duplicate the type of personal stress that in- 
dividual patients may encounter in daily living.” A criticism of 
these studies is that the attempt to evaluate whether stress signifi- 
cantly alters diabetic control was conducted in well-controlled dia- 
betics. It would be far more useful to study the effects of stress in 
patients whose diabetes is poorly controlled. 

Recently, insulin omission as a feature of eating disorders was 
highlighted in a study of 341 women with TIDM who were 13-60 
years of age.” Thirty-one percent of the women reported inten- 
tionally omitting insulin. This practice was most common among 
women aged 15-30 years (40.2%). Thirty percent of women aged 
31-45 years and 19.7% of women aged 46—60 years reported in- 
sulin omission.” Sixteen percent of women aged 15-30 years, 
4.3% of women aged 31-45 years, and 6.1% of women aged 
46-60 years reported routine insulin omission.” The women who 
omitted insulin had significantly more eating attitude and eating 
behavior problems (fear that good glycemic control would lead to 
weight gain or feeling bloated), higher hemoglobin A,, values, 
more diabetes-related hospitalizations, increased emergency room 
visits, and a higher rate of neuropathy and retinopathy.” Omis- 
sion of insulin is used by these girls and women to control their 
weight. A significant number of women reported omitting insulin 
to the point that they developed ketonuria. Although contrary to 
many studies, eating disorders have been shown to be twice as 
common in adolescent girls with TIDM than in those without 
diabetes.” 


DIABETIC KETOACIDOSIS 


In urban African-Americans, poor compliance with rr 
regimens and substance abuse have been identified as imy 
precipitating causes of diabetic decompensation.” In a 
prospective study of 144 consecutive DKA patients and 2: 
patients in a large inner-city hospital, poor compliance with i 
therapy was found to be the major precipitating factor for 
found in 49% of patients.” Thirty-five percent of the DKA p 
had confounding alcohol abuse and 13% had cocaine abuse 
of which may lead to poor compliance with medical regime: 
compound economic stresses.” In another study of DKA 
caine users, cocaine was associated with frequent omission 
sulin and absence of a precipitating cause of DKA other thai 
use.*° Cocaine is associated with recidivism and recurrent ep 
of DKA.” The mechanisms by which cocaine, in particular 
precipitate DKA are numerous and include effects on gi 
counterregulatory hormones in addition to the direct central 
ous system effects of the drug.” 

An atypical form of ketoacidosis has been described in y 
obese African-Americans, but has recently also been seen in 
races and ethnic groups.’!~“? There is no history of preexiste1 
betes mellitus and no obvious precipitating event. Their C p 
levels are normal and anti-islet cell antibodies are negative. 
cause of the absence of autoimmune markers and its lack of a 
ation with specific HLA alleles and increased insulin secret 
appears to be a form of T2DM. This is supported by the high | 
lence of coexistent hypertension. Following control of DKA, 
patients can often be initially managed with diet and low do 
sulfonylurea agents.*° 

In menstruating women, menstruation is associated with 
creased incidence of DKA. Of 200 women studied, 76 rey 
changes in diabetic contro] related to menstruation.“ Fifty 
women reported deterioration of glycemic control during me: 
ation and 23 reported improved control and increased | 
glycemia.“ DKA has also been associated with sauna use, tl 
gestion of “ecstasy” followed by prolonged exercise, gesta 
diabetes, the use of glucocorticoids in a patient with gestation 
abetes, and in glucagonoma.*”°° 


DIAGNOSIS 


Traditionally, DKA is defined by a glucose level =300 m 
HCO,” =18 mEq/L, and a pH $7.30. A pH less than 7.3 
patient with ketonemia and a glucose concentration greater 
300 mg/dL identify mild DKA. Because acute hyperventilatio 
lower the serum bicarbonate by as much as 5 mEq/L,”! the 
ence of a bicarbonate less than 18-19 mEq/L in a patient wit 
propriate hyperglycemia should also suggest this diagnosis 
blood glucose concentration used as a criterion for DKA is dit 
to define because there are patients with blood glucose conct 
tions above 300 mg/dL who have no evidence of DKA and z 
stantial number of patients with established DKA whose | 
glucose concentrations are less than 300 mg/dL.** This emph: 
the variable expression of diabetic decompensation. Hyp 
cemia need not be striking, and approximately 15% of pa 
with DKA have glucose concentrations of less than 350 m 
Low glucose concentrations may be seen in settings where 
may be inhibition of gluconeogenesis, such as with the use of 
hol, and in settings where glucose utilization is not complete 
sulin dependent, such as in women who are pregnant in who: 
fetoplacental unit uses glucose in the absence of insulin. Fz 
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TABLE 34-2. Calculations 


Anion gap = [Na* — (CIT + HCO, )] Normal = 8-14 mEq/L 
Average = 5-12 mEq/L 
AGap = [patient gap — 12] 

Primary gap acidosis — A anion gap/HCO, = 0.8 

Primary nongap acidosis = A anion gap/HCO, = 0.4 

Na* con = SNa* + 1.5 [(glucose — 150)/100] 


may also be an important factor in the patient with DKA and mild 
hyperglycemia. Fasting in the setting of insulin deficiency is asso- 
ciated with less severe hyperglycemia and more severe ketoacido- 
sis.” It is important to realize that despite relative “euglycemia,” 
patients may be critically ill as a result of severe metabolic 
acidosis. 

The pH of a patient with DKA depends on the degree of respi- 
ratory compensation as well as the presence of coexistent acid-base 
disturbances. The metabolic acidosis that occurs in DKA is one in 
which there is an increase in the anion gap. The anion gap is calcu- 
lated by subtracting the sum of the chloride and bicarbonate con- 
centrations from the “uncorrected” sodium concentration [Na* — 
(C17 + HCO, )}** (Table 34-2). This difference represents the un- 
measured anions that are present in plasma, primarily albumin and 
phosphate. The normal range is from 8-14 mEq/L; a value of 12 
mEq/L is usually used to determine whether the anion gap is in- 
creased. In DKA, the increase in the anion gap is usually equal to 
the reduction in the bicarbonate concentration. However, many pa- 
tients with DKA may deviate from this pattern and demonstrate 
varying degrees of anion-gap and hyperchloremic metabolic aci- 
doses.” Wide variability in the type of metabolic acidosis will be 
detected if the increase in the anion gap is compared to the reduc- 
tion in bicarbonate concentration (assuming that a normal baseline 
bicarbonate level existed before ketoacidosis developed) in DKA 
patients. At presentation ~46% of patients with DKA have a pre- 
dominant anion-gap acidosis, 43% have a mixed anion-gap and hy- 
perchloremic acidosis, and 11% have a predominantly hyper- 
chloremic metabolic acidosis™ (Table 34-3). Thus, in contrast to 
traditional thinking, at presentation approximately 55% of the pa- 
tients have a hyperchloremic metabolic acidosis or a component of 
hyperchloremia.** The variable degree of hyperchloremia in DKA 
correlates with the magnitude of the hypovolemia that exists in the 
patient.** Patients with severe hypovolemia develop the typical re- 
ciprocal change in the anion gap and the bicarbonate concentration, 
due to retention of both the hydrogen ion and the ketoacid anion. In 
contrast, those patients who can maintain adequate volume and 
glomerular filtration while developing DKA excrete the ketoacid 


TABLE 34-3. Acid-Base Disturbances in DKA at Admission 
and During Therapy 


Hyperchloremic Mixed Anion-Gap 
Acidosis Acidosis Acidosis 
Gap/HCO, * <0.4% 0.4-0.8% >0.8% 
Admission Il 43 46 
4 Hours 46 36 17 
8 Hours 72 19 9 


* Gap = calculated anion gap (mEq/L) — 12. 
AHCO, = 24 mEq/L — measured HCO, . 


Source: Reprinted with permission from Adrogue er al. ` 


anions in the urine while reabsorbing chloride, which leads to 
hyperchloremia. 

The coexistence of other acid-base disturbances—such as 
metabolic alkalosis from nausea and vomiting or diuretic use, res- 
piratory alkalosis from fever, infection, sepsis, or pneumonia, and 
hyperchloremic metabolic acidosis from diarrhea—can confound 
the diagnosis of DKA.*! 

Thus patients with coexistent medical problems may not have 
simple acid-base disturbances. For example, a hypochloremic, hy- 
pokalemic metabolic alkalosis induced by diuretic use may pro- 
duce offsetting changes in systemic pH in a patient with DKA, 
which could erroneously suggest that the acidosis is mild when it is 
severe. An increase in the anion gap that is greater than the calcu- 
lated reduction in the bicarbonate concentration should suggest co- 
existent metabolic alkalosis or respiratory acidosis in a patient with 
hypochloremia. The magnitude of the coexistent alkalosis may be 
even greater than that of the acidosis, so that the pH of the patient 
will be alkalemic (“diabetic ketoalkalosis”).”> If patients become 
alkalemic during recovery, a coexistent metabolic alkalosis should 
be considered. The presence of a chronic respiratory acidosis 
would minimize changes in bicarbonate concentrations while in- 
tensifying the acidemia. 

In an uncomplicated patient with DKA, the respiratory re- 
sponse may be capable of reducing the Pco, to 10 mm Hg, and the 
bicarbonate concentration may be as low as 5 mEq/L. More severe 
reductions in the bicarbonate concentration or less than optimum 
reduction in the Pco, indicates the coexistence of other acid-base 
disturbances. 

The osmolal gap (difference between the measured and calcu- 
lated serum osmolality) may be increased in DKA. This value is 
usually <10 mOsm/L. When increased, it suggests the presence of 
low-molecular-weight alcohols, which also cause a “gap acidosis.” 
The increase appears to be due in part to acetone and amino acids 
and in part to hemoconcentration.” 


LABORATORY AND WATER ABNORMALITIES 


Substantial deficits of sodium, potassium, magnesium, phosphorus, 
and water can develop in patients with DKA (Table 34-4). How- 
ever, despite these deficits most patients have normal or elevated 
plasma concentrations of potassium, magnesium, and phosphorus 
at the time of presentation (Tables 34-5 and 34-6).°”°* The pres- 
ence of normal or increased electrolyte concentrations should not 
be interpreted to mean that body stores of these elements are nor- 
mal or increased. The deficit in potassium is the most important; 


TABLE 34-4. Average Deficits of Water and Electrolytes in DKA 


Parameter DKA 
Water (L) 6 
Water (mL/kg)* 100 
Na (mEq/kg) 7-10 
Cl (mEq/kg) 3-5 
K (mEg/kg) 3-5 
Mg (mEq/kg) 1-2 
PO, (mmol/kg) 1-1.5 
Calcium (mEq/kg) 1-2 


* Per kilogram of body weight. 


Source: Reprinted with permission from Ennis er al.* 
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TABLE 34-5. Serum Electrolyte Levels at Entry and After Therapy in Patients with DKA 


7 26 41 38 


Entry 
% Low % Normal 
Sodium 67 26 
Chloride 33 45 
Bicarbonate 100 0 
Calcium 28 68 
Potassium 18 43 
Magnesium 7 25 
Phosphate 11 18 


Source: Reprinted with permission from Martin er al.*® 


recognition and treatment of potassium deficiency is of major ther- 
apeutic importance. 

The deficit of potassium in patients with DKA is 3-5 mEq/kg. 
During the course of therapy, the serum potassium concentration 
rapidly decreases, reaching a nadir at approximately 4—12 hours 
after beginning insulin therapy.*® The deficit of potassium will be- 
come obvious during the course of therapy, particularly if potas- 
sium is not administered in adequate amounts. The hyperkalemia 
that exists in patients with DKA is usually attributed to a shift of 
hydrogen ion from the extracellular to the intracellular compart- 
ment and of potassium from the intracellular to the extracellular 
compartment. Other factors have been identified that may be more 
important determinants of the potassium concentration in DKA.” 
The potassium concentration in patients with DKA correlates best 
with the severity and magnitude of the existing ketoacidosis and 
hyperglycemia.” The administration of glucose to produce hyper- 
glycemia in normal animals stimulates insulin release and the 
movement of potassium into the intracellular compartment. When 
insulin release is blocked in the presence of hyperglycemia, such as 
with the infusion of somatostatin to normal subjects, the serum 
potassium increases.” Thus, insulin deficiency is a major cause of 
the hyperkalemia that develops in patients with DKA. In normal 
animals, ketoacid infusion increases the secretion of insulin, ele- 
vates portal vein insulin concentrations, stimulates hepatic uptake 
of potassium, and lowers serum potassium concentrations.°’ In 


TABLE 34-6. Average Laboratory Findings in DKA 


Glucose (mg/dL) 475 

Sosm (mosm/kg) 309 

Na (mEq/L) 131 

K (mEq/L) 4.8 
HCO, (mEq/L) 9 

BUN (mg/dL) 21 
Anion gap (mEq/L) 29 
AGap (anion gap — 12) (mEq/L) 17 

pH <7.3 
Ketonuria 23+ 
Growth hormone (ng/mL) 79 
Cortisol (g/dL) 49 

FFA (mmol/L) 2.26 
Glucagon (pg/mL) 400-500 
Lactate (mmol/L) 4.6 
B-Hydroxybutyrate (mmol/L) 13.7 
Catecholamines (ng/mL) 1.78+4 


Source: Reprinted with permission from Ennis er al 


12 Hours 
% High % Low % Normal % High 

22 11 41 48 

0 46 50 4 

4 73 23 4 
39 63 33 4 
68 55 24 21 
71 90 10 


contrast, the infusion of mineral acid stimulates the release 
glucagon but not of insulin, increases hepatic potassium releas 
and causes hyperkalemia. Lastly, when volume contraction b 
comes sufficiently severe so as to reduce the glomerular filtratie 
rate, decreased excretion of both potassium and glucose in tł 
urine accentuates the hyperkalemia. Thus the tendency for tł 
serum potassium concentration to decrease rapidly during therar 
may be a reflection of the direct action of insulin on cellular pota: 
sium uptake, alterations in systemic pH, a reduction in the serur 
glucose concentration and associated hyperosmolality, and er 
hanced renal potassium excretion. 

A deficit of phosphorus occurs during the development o 
DKA and may reach 1.0-1.5 mmol/kg of body weight.’ However 
since total body phosphorus stores are 6000-8000 mmol, this rep 
resents a mild degree of phosphorus deficiency. The hyperphos 
phatemia that exists at diagnosis of DKA is attributed to the effect: 
of metabolic acidosis on cellular function and the release of phos- 
phate. 

While hypophosphatemia often develops during the course oi 
therapy, adverse effects are rare.°> Serious complications of hy- 
pophosphatemia are encountered only when the serum phosphate 
concentration falls to less than 1 mg/dL. Nonetheless, studies 
have shown that diaphragmatic and skeletal muscle function may 
be adversely affected by more modest reductions in the phosphate 
concentration,” and that hypophosphatemia may lead to im- 
paired myocardial contractility.’ The routine use of phosphate 
supplementation has not been demonstrated to alter morbidity or 
mortality and is not recommended.°?* 

Hyponatremia is seen in approximately two-thirds of patients 
with advanced DKA despite an osmotic diuresis and loss of water 
in excess of electrolyte. The presence of hyponatremia is due to the 
effect of hyperglycemia and hyperosmolality on the distribution of 
water in the intra- and extracellular compartments. Hypernatremia 
would be expected because of the osmotic diuresis and excretion of 
water in excess of solute, but the hyperglycemia holds a relative 
excess of water in the extracellular compartment and contributes to 
the persistence of hyponatremia until the water deficit is extreme. 
Thus a disproportionate amount of body water exists in the extra- 
cellular compartment in the face of volume contraction (hypo- 
volemia). The shift of water from the intracellular to the extracellu- 
lar compartment would be expected to produce a predictable 
lowering in the serum sodium concentration if the water remained 
exclusively within the extracellular compartment; however, be- 
cause it is excreted in the urine, this relationship is less precise. As 
a tule, a 1.6—1.8-mEq/L reduction in the serum sodium concentra- 
tion can be expected for every 100 mg/dL increase in the glucose 
concentration® (Table 34-2). Recently, it has been suggested that 
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the serum sodium decreases by ~2.4 mEq/L for hyperglycemia 
=400 mg/dL and by 4.0 mEq/L for glucose concentrations >400 
mg/dL.” These data suggest that the change in the serum sodium 
due to hyperglycemia is underestimated by using a factor of 1.6- 
1.8 mEq/L.” This approximation is valuable because it allows 
identification of those patients whose degree of hyponatremia is 
excessive for the prevailing hyperglycemia. Serum sodium concen- 
trations that are less than 120 mEq/L are uncommon, and when 
present, suggest the presence of hypertriglyceridemia or other dis- 
orders that are associated with hyponatremia. In insulin-deficient 
states, lipoprotein lipase activity is decreased.’' This leads to a 
marked reduction in the clearance of triglyceride from the plasma. 
Serum sodium, potassium, and chloride levels are spuriously de- 
creased in the presence of extremely elevated triglycerides.’!~”* 
Similarly, “pseudonormoglycemia” has been reported.’ This 
occurs because electrolytes and glucose are present in the aqueous 
portion of plasma or serum, whereas concentrations are measured 
and reported per total volume of sample. In addition, some spec- 
trophotometric methods and bedside blood glucose testing kits 
may underestimate the glucose value due to lipemic interference 
with assay methods.” Ultracentrifugation of samples will allow 
the accurate measurement of electrolytes and glucose; however, 
this usually is not possible. It is essential that the laboratory report 
the presence of lipemia so that the spurious nature of unanticipated 
low concentrations of electrolytes and glucose can be appreciated. 

Severe hyponatremia may be encountered in patients with end- 
stage renal disease in whom neither the glucose nor the water, 
which has shifted out of the cell, can be excreted. In such individu- 
als, lowering the glucose concentration with insulin may be all that 
is necessary to correct the hyponatremia.’ When the serum sodium 
concentration is normal or increased in a patient with DKA, lower- 
ing the serum glucose concentration may be associated with the de- 
velopment of hypernatremia, particularly in those patients who re- 
ceive large volumes of isotonic saline. This is due to loss of water 
from the extracellular to the intracellular compartment as the glu- 
cose concentration falls and to the increased renal tubular reabsorp- 
tion of sodium induced by volume contraction. 

Although magnesium deficiency develops in patients with 
DKA,” the deficit is not usually significant. It is rarely associated 
with signs or symptoms, and generally corrects itself when a regu- 
lar diet is resumed. Because magnesium deficiency impairs both 
the secretion and action of parathyroid hormone,”*”’ patients may 
develop symptomatic hypocalcemia if they receive phosphate sup- 
plements.”* The phosphate reduces the plasma ionized-calcium 
concentration, which cannot be restored to normal because of mag- 
nesium deficiency. Such patients require calcium supplementation 
to acutely correct symptomatic hypocalcemia and magnesium re- 
placement to maintain a normal serum calcium. 

Hyperamylasemia may occur in patients with DKA.”**! Be- 
cause DKA is often associated with abdominal pain, the presence 
of hyperamylasemia is of considerable clinical importance. Isoen- 
zyme studies indicate that the amylase in DKA patients is fre- 
quently nonpancreatic in origin. The presence of hyperamy- 
lasemia correlates poorly with abdominal complaints or physical 
findings in patients with DKA.” In addition, hyperamylasemia 
may occur in 30% of patients with metabolic acidosis who do not 
have pancreatitis,*” indicating that it is specific neither for pancre- 
atitis nor an intra-abdominal medical problem. Previously, if pan- 
creatitis was suspected, a serum lipase measurement was obtained. 
However, the value of lipase measurements in DKA is uncertain. 
Marked hyperlipasemia, in the absence of clinical or radiographic 


evidence of pancreatitis, has been demonstrated in patients with 
DKA."** Total amylase levels are negatively correlated with bi- 
carbonate levels and serum pH levels.** Pancreatic amylase and li- 
pase correlate with glucose and BUN and are negatively correlated 
with serum bicarbonate levels.** The clinical evaluation of the 
patient is important with regard to the possibility of an intra- 
abdominal problem or pancreatitis. At the outset, signs and symp- 
toms suggesting an intra-abdominal problem should be pursued ag- 
gressively. If there is hyperamylasemia, or hyperlipasemia, but 
there are no physical findings to suggest another intra-abdominal 
process, the patient should be followed carefully. The diagnosis of 
pancreatitis or an intra-abdominal process should be established 
based on appropriate clinical features. Abdominal pain commonly 
disappears in patients with DKA as the metabolic acidosis re- 
solves.*° 


BLOOD KETONES 


In DKA, the plasma concentrations of B-hydroxybutyrate (B), ace- 
toacetate (A), and acetone are increased. The ratio of B to A (B:A), 
representing the mitochondrial redox state, shows considerable in- 
terindividual variability; however, the mean value for the ratio is 
only mildly elevated when all patients with DKA are considered.*® 
Infrequently, the B/A ratio may be very high and the acidosis due 
almost exclusively to 8-hydroxybutyrate.*” This is an important di- 
agnostic problem because quantitative plasma ketone measure- 
ments are not routinely available, whereas qualitative tests, which 
detect acetoacetate, may be negative or weakly positive in this situ- 
ation. The tendency toward a higher B:A ratio in DKA is attributed 
to the more reduced redox state of the cell that accompanies in- 
creased FFA metabolism. The increased B:A ratio may also reflect 
impairment of B-hydroxybutyrate conversion to acetoacetate and 
the reduced utilization of ketones that occurs with insulin defi- 
ciency. The B:A ratio is shifted toward B-hydroxybutyrate when a 
more reduced intracellular redox state exists, such as with lactic 
acidosis resulting from low flow and tissue hypoxia, or from the 
use of alcohol.®” Patients with alcoholic ketosis may have signifi- 
cant ketosis, but a negative or weakly positive plasma ketone test."* 
The presence of a combined keto- and lactic acidosis could be 
overlooked under these circumstances.*” 

Plasma acetone concentrations are markedly elevated in pa- 
tients with DKA.**° Acetone, a water-soluble and freely diffusible 
compound, is distributed throughout total body water so that the 
acetone pool is markedly expanded. Acetone is of low toxicity, but 
in large concentrations may produce narcosis. It has been sug- 
gested that the drowsiness of some patients with DKA is due to 
high plasma acetone concentrations. The plasma acetone concen- 
tration may remain elevated for up to 48 hours, long after the glu- 
cose, B-hydroxybutyrate, and acetoacetate concentrations return to 
normal.*® This likely explains the ketonuria that has been observed 
for several days following successful therapy of DKA. 

Plasma and urinary ketones are detected and semiquantitated 
by the use of the nitroprusside reaction. The nitroprusside reagent 
does not react with B-hydroxybutyrate, and on a molar basis is only 
one-twentieth as reactive with acetone as with acetoacetate.”' Thus 
despite concentrations that are three- to fourfold greater than those 
of acetoacetate, acetone contributes only minimally to the color re- 
action. Acetoacetate, therefore, is the predominant determinant of 
the nitroprusside reaction. Thus, for a variety of reasons, this test 
correlates poorly with the degree of ketonemia. Additionally, sev- 
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eral drugs have been associated with false-positive tests using the 
nitroprusside reaction.” Drugs that contain a sulfhydryl group 
such as captopril, dimercaprol, mesna, acetylcysteine, and penicil- 
lamine may give a false-positive result.” Additionally, very high 
intake of ascorbic acid may cause urinary acidification and result in 
a false-negative nitroprusside reaction.” 

Recently, semiquantative tests for B-hydroxybutyrate have be- 
come available. They are rapid and accurate and may be helpful in 
selected patient situations. To prevent the interference of acetoac- 
etate with the measurement of B-hydroxybutyrate by the Keto- 
Site™ assay, the serum sample must be diluted.” Use of this test to 
define resolution of ketoacidosis (®-hydroxybutyrate =1.1 
mmol/L) reveals that about one-half of patients still have positive 
serum Acetest™ results,” probably reflecting the slow elimination 
of acetone. Routine monitoring of ketones during treatment of 
DKA has not been shown to provide significant additional data to 
that provided by measuring the anion gap and glucose. 

Following institution of therapy with insulin, the concentration 
of B-hydroxybutyrate decreases promptly while that of acetoac- 
etate remains unchanged or increases slightly.” Later, the concen- 
tration of acetoacetate also decreases, reflecting the improved 
metabolic status. The preferential decrease in B-hydroxybutyrate 
reflects both decreased production and increased utilization. The 
shift in B:A ratio, however, particularly when the concentration of 
acetoacetate increases, accounts for the clinical observation that 
the plasma or urine Acetest reaction may become positive if ini- 
tially negative, or more positive during the early phases of therapy. 


TREATMENT OF DIABETIC KETOACIDOSIS 


Successful treatment of DKA requires vigilant patient care as well 
as the use of effective doses of insulin, correction of volume 
deficits, and appropriate electrolyte supplementation. Adherence to 
these guidelines has resulted in a significant reduction in mortality 
from DKA (Table 34-7). 

Until 1972, large doses of insulin were used in the treatment of 
DKA. The initial insulin dose and al! subsequent doses were deter- 
mined by the degree of hyperglycemia, the severity of the acidosis 
and ketonemia, or both. Complicated schemes were developed for 
the selection of insulin doses. Large doses of insulin were thought 
to be necessary because of the transient increased insulin resistance 
that resolved during therapy in most patients. In 1973, articles ap- 
peared in the literature demonstrating the effectiveness of small 
doses of insulin administered either by continuous intravenous in- 
fusion or intramuscularly. Most authorities recommend the use of 
low-dose insulin therapy for the treatment of DKA. 

Although patients have been treated successfully with as little 
as 2 U of regular insulin per hour by continuous intravenous infu- 
sion, such doses provide an unacceptable rate of glucose reduction 
and are not recommended.” Despite variable rates of insulin 
administration, low doses (5-10 U/h, intramuscularly or intra- 
venously) are effective in the treatment of most DKA patients. Al- 
though the rate at which the glucose concentration decreases varies 
considerably from patient to patient, it is fairly constant in any 
given patient. The average decline in the blood glucose concentra- 
tion is 75-100 mg/dL/h and occurs at a predictable rate. Insulin can 
be administered either intramuscularly or intravenously, and at 
these doses produces plasma concentrations that are well within 
the maximum physiologic range (100-200 »U/mL).©*’ Although 
most patients respond to these doses of insulin, there are some who 
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will not. Patients who are resistant to low doses of insulin ci 
be identified prospectively by any clinical or laboratory parar 
consequently, low-dose insulin regimens require monitoring o 
tients at hourly intervals so that those who fail to respond cz 
detected at the earliest possible moment. 

In the majority of DKA patients, large doses of insulin 
U/h) administered intravenously do not reduce the blood glu 
concentration more rapidly than doses of 5-10 Uh.” In the l 
ence of infection, the rate of decrease in the blood glucose ma 
reduced by 50% to approximately 50 mg/dL/h. During the cc 
of therapy. the plasma glucose concentration reaches a targe 
250-300 mg/dL in approximately 4—6 hours, whereas correctic 
the acidosis (pH = 7.30 or a bicarbonate concentration of = 
mEq/L) requires approximately 8-12 hours. During ther 
plasma ketone and bicarbonate concentrations change in a reci 
cal fashion. The rate of resolution of hyperglycemia and ketoac 
sis is not appreciably faster when high-dose and low-dose ir 
muscular regimens are compared” and is comparable to low-c 
intravenous administration. Intramuscular insulin is no more ef 
tive than intravenous insulin when correction of hyperglycemia 
acidosis is considered, and large doses may put patients at risk 
hypoglycemia and hypokalemia. 

Hypoglycemia and hypokalemia occurred in 25% of a grou, 
patients receiving high doses of insulin during treatment of DK/ 
If the glucose and potassium levels are monitored carefully, th 
problems usually can be avoided. The tendency of patients trea 
with large doses of insulin to develop hypokalemia may refl 
their greater predisposition to hypoglycemia and excessive reer 
of potassium into the intracellular compartment as it accompan 
glucose, or may be a reflection of the direct effect of insulin on c 
lular potassium uptake. Since the rates at which the acidosis < 
hyperglycemia are corrected are similar, with 50 U/h and 5-10 U 
it seems unlikely that the tendency toward hypokalemia reflects | 
effect of pH on the distribution of potassium between the intra- a 
extracellular compartments. 

The low-dose intravenous and intramuscular insulin regime 
appear to be equally effective for resolving hyperglycemia and a 
dosis. However, intramuscular low-dose insulin administration 
not recommended in the severely hypovolemic patient owing 
unpredictable absorption. Subcutaneous insulin administrati: 
should not be used. 

The early decrease in plasma glucose concentrations will 
largely a consequence of fluid administration, and therefore cann 
be used as an indication of the adequacy of the insulin dose. T) 
blood glucose concentration may decrease by as little as 9 mg/dL 
or as much as 90 mg/dL/h from rehydration.” Adequate reh 
dration contributes significantly to the decrease in the blood gl 
cose concentration, not only as a consequence of dilution « 
glucose in a larger volume and improved GFR, but because it mz 
also diminish the stimulus to release glucose counterregulato) 
hormones. During the initial phases of therapy, rehydration alor 
and dilution of glucose in the glucose space may account fi 
30-50%, and perhaps as much as 50-75%, of the reduction th 
occurs in the glucose concentration.''™ Glucosuria accoun 
for approximately 15-20% of the decrease in the glucose coi 
centration when insulin and rehydration are used together." T} 
actual effects of insulin on glucose metabolism during treatme: 
of DKA are rather small and are due primarily to inhibition of h 
patic glucose production (accounts for 75% of insulin’s etfect) ar 
not to increased glucose utilization (accounts for 25% of insulin 
effect).!° 


580 DIABETES MELLITUS 


TABLE 34-7 Therapy of DKA 


INSULIN 


1. 0.1 U/kg body weight regular insulin as intravenous bolus followed by 0.1 U/kg/h (5-10 U/h) thereafter as a continuous infusion until glucose concentra- 


tion is 250-300 mg/dL and the pH = 7.3 or HCO, = 18 mEq/L. 
OR 


10 U of regular insulin intravenously as a loading dose followed by 5-10 U/h intramuscularly. 
2. Decrease administration to 2-3 U/h when the plasma glucose is 250-300 mg/dL and the HCO, = 18 mEq/L. 


FLUIDS 
0-1 hour 


1000-2000 mL 0.9% saline for prompt correction of hypotension/hypoperfusion. 


1—4 hours 


750-1000 mL/h 0.9% saline or 0.45% saline based on intake, urinary output, clinical assessment of volume status, and laboratory measurements. 


Glucose 


When the plasma glucose reaches 250-300 mg/dL, administer glucose at a rate of 5-10 g/h, either as a separate infusion or combined with saline. 


ELECTROLYTE REPLACEMENT* 
Potassium (replace as the chloride or phosphate)" 
Assure urinary output prior to potassium supplementation 
Maintain K* between 4 and 5 mEq/L 
K* > 5.0 mEq/L; no supplementation 
K* = 4-5 mEq/L; 20 mEq/L of replacement fluid 
K* = 3-4 mEq/L; 30-40 mEq/L of replacement fluid 
K* = 3.0 mEq/L; 40-60 mEq/L of replacement fluid 
Phosphate 


Not routinely recommended; if indicated, 30-60 mmol of phosphate as potassium phosphate (K2PQ,) over 24 hours. 


Magnesium 


If Mg*~ < 1.8 mEq/L or tetany present. give magnesium sulfate (MgSO,), 5 g in 500 mL 0.45% saline over 5 hours. 


Calcium 


For symptomatic hypocalcemia, give 10-20 mL of 10% calcium gluconate (100-200 mg elemental calcium as indicated). 


Bicarbonate 


Not routinely recommended in the treatment of DKA. Consider if other indications present. 


LABORATORY 

Comprehensive admission profile 

Arterial blood gases 

Serum/urine ketone measurements 

Check glucose every hourt 

Check electrolytes every 4 hours* 

Check Ca**, Mg**, phosphate every 4 hours 

Cultures of blood, urine, sputum as indicated 
GENERAL CARE 

ECG prior to administration of supplemental potassium 


Review urine output, vital signs, neurologic status, and laboratory data hourly 


Frequent assessment of clinical status and repeat physical examination 
Protection of the airway in the unconscious patient 


Nasogastric suction as indicated for ileus, emesis, or obtundation with vulnerable airway 


Chest radiograph and other imaging studies as needed 
Consider CVP, Swan-Ganz catheterization in selected patients 


* Drug doses should be modified in the patient with significant renal impairment. 
* Dosage suggested using KCI. 
* Modified as necessary depending on clinical assessment. 


Source: Modified with permission from Ennis et al.* 


Changes in systemic pH usually do not occur for at least 1-2 
hours after the onset of therapy. !°* Therefore, it is reasonable to 
continue the same dose of insulin for approximately 3-4 hours. If 
there has not been a substantial reduction in the glucose concentra- 
tion and improvement in pH, larger doses of insulin should be 
used. 

The success of low-dose insulin regimens is somewhat difficult 
to understand in light of previous claims that patients with DKA 
were severely insulin-resistant. The aggressive use of fluids in the 
therapy of patients may have contributed to the apparent sensitivity 
of patients to low doses of insulin. If fluid deficits are inadequately 
addressed, persistent hypovolemia continues to stimulate the re- 


lease of counterregulatory hormones as well as impair glucose ex- 
cretion in the urine. The sensitivity of patients with DKA to rela- 
tively low doses of insulin should not be interpreted to mean that 
these patients are insulin-sensitive and that no insulin resistance 
exists.” Patients with DKA who receive 5-10 U/h of insulin are 
obviously insulin-resistant. In a normal subject, the infusion of in- 
sulin at a rate of approximately 8 U/h requires the concomitant 
administration of 40 g of glucose per hour to maintain a constant 
blood glucose concentration." When a normal subject is made hy- 
perglycemic, but infused with somatostatin to prevent the release 
of endogenous insulin, the administration of exogenous insulin at a 
rate of 6 U/n is associated with a glucose disposal rate of about 
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60 g/h.'™ Thus 6-8 U/h can effectively metabolize 40-60 g of 
glucose per hour. In patients with DKA who are receiving insulin at 
6-10 Uh, the glucose disposal rate is approximately 10 g/h, half of 
which is excreted in the urine.'“* Thus DKA patients are only one- 
tenth as insulin sensitive as nondiabetic patients. 

The mechanisms of the insulin resistance in DKA patients are 
poorly understood. Glucose counterregulatory hormone levels are 
markedly increased in DKA. Hyperosmolality decreases insulin- 
mediated glucose utilization, but its effects are relatively mod- 
est.' Acidemia decreases receptor-mediated glucose metabolism, 
and phosphate deficiency produces a mild postbinding defect in 
glucose utilization.''’ Ketoacids, independent of pH, may also 
induce a postbinding abnormality in insulin action. Therefore, 
the resistance may be multifactorial. 

A rare cause of extreme insulin resistance in patients with 
DKA is the presence of anti-insulin antibodies that bind insulin. 
Since the maximum biologic response to insulin is significantly re- 
duced in the postbinding type of insulin resistance, and because re- 
sistance resolves slowly, it is not clear how or why large doses of 
insulin overcome unusual insulin resistance within the brief period 
of treatment of DKA. Changes occur slowly (over 96 hours) in in- 
sulin sensitivity and in glucose metabolism following the achieve- 
ment of euglycemia. '™ This leads to the frequent clinical observa- 
tion that it takes more insulin to get patients under control than to 
keep them in control. 

The discrepancy between the rates of correction of hyper- 
glycemia and acidemia has important clinical implications. Insulin 
administration must be continued despite relative euglycemia until 
the pH and bicarbonate targets have been achieved. Consequently, 
glucose must be administered to “buffer” a further decrease in the 
glucose concentration during the continued administration of in- 
sulin. Because glucose disposal is 5-10 g/h under these circum- 
stances, glucose should be administered initially at these rates. If 
the glucose concentration increases, then the rate of glucose ad- 
ministration should be reduced; if the glucose concentration con- 
tinues to decrease, additional glucose is needed. Occasionally, the 
plasma glucose concentration is less than 300 mg/dL at the initia- 
tion of therapy and glucose must be incorporated into the initial flu- 
ids used for correction of hypovolemia. Although there has been 
considerable discussion over whether hypotonic or isotonic fluid 
should be used in DKA, most would agree that hypovolemia 
should be corrected with isotonic saline, 2—4 L. Thereafter, the de- 
cision to use 0.45% or 0.9% saline solution should be guided by 
hemodynamic considerations, fluid balance, and the prevailing 
serum sodium and chloride concentrations. In adult patients with- 
out severe volume deficits, a lower rate of saline infusion is associ- 
ated with more rapid recovery of the plasma bicarbonate.'™ 

Alternative intravenous solutions containing magnesium, 
potassium, and reduced chloride content (i.e., Plasmalyte™, 
Travenol/Baxter) have been advocated for use in the DKA patient, 
to provide a solution that closely resembles physiologic fluid re- 
placement. '!'®!'! Their use is not routinely recommended. Insulin 
should be administered at a rate that ensures optimum or slightly 
greater than optimum concentrations of plasma insulin (100-200 
mU/mL). This can be attained by administration of intramuscular 
or intravenous insulin at a rate of 5-10 U/h, particularly if an intra- 
venous loading dose is administered as part of the intramuscular 
regimen. Formerly, recommendations advised that insulin be di- 
luted with protein-containing solutions (plasma or albumin) to 
minimize the loss of insulin by adsorption to glassware and plastic 
tubing. This is unnecessary because the insulin-adsorbing capacity 
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of plastic tubing can be saturated by discarding 50-100 mL « 
5-U/dL insulin solution. If this technique is not used or protei 
not added to the solution, a lower rate of insulin administration 
curs and may contribute to apparent insulin resistance. 

Adjuvant therapies for severe insulin resistance are being 
plored. Reports have described the use of octreotide to suppress 
togenesis in resistant TIDM patients.''? Octreotide administrat 
suppresses endogenous glucagon secretion, thereby ameliorat 
the permissive effects of glucagon on the development of Dk 
Recently, octreotide (50 pg every 6 hours subcutaneously) | 
been shown to improve resolution of ketonuria in DKA patients. 
Suppression of glucagon release is a principal mechanism 
which this occurs.''? However, there was no improvement in | 
time to resolution of the DKA-associated hyperglycemia and a 
dosis.''? Therefore, the use of octreotide cannot be advocated as 
adjunct therapy for DKA. Treatment of severe insulin-resistz 
DKA with IGF-1 (insulin-like growth factor 1) has been found 
reverse the hyperglycemia and ketoacidosis and to improve insul 
sensitivity in a single patient.''* 


ACID-BASE CHANGES DURING THERAPY 


Systemic pH is unchanged during the first hour after starting the 
apy with insulin and fluids." Thereafter, the pH begins to it 
crease, and by 6-12 hours it is usually between 7.25 and 7.35. 
After 24 hours, the systemic pH is normal or near-normal, but arte 
rial Pco, and bicarbonate are still reduced, a pattern consistent wit 
compensated mild metabolic acidosis. It is unusual for the respira 
tory rate and therefore the Pco, to normalize during the first 2 
hours, because the respiratory center continues to drive ventila 
tion." Alkalosis should be avoided because it reduces cerebra 
blood flow and increases the affinity of hemoglobin for oxygen 
thereby reducing oxygen delivery to tissues. It also predisposes tc 
hypokalemia and hypophosphatemia.™ 

There is some controversy concerning the routine use of bicar- 
bonate in the treatment of DKA. Under normal circumstances, the 
pH of the intracellular compartment is substantially lower than that 
of the extracellular space and is relatively well protected against 
the adverse effects of acidemia in acute metabolic acidosis. 
Whereas bicarbonate equilibrates slowly across the cell membrane, 
CO, equilibrates rapidly. Thus when extracellular pH falls, respira- 
tion is stimulated and the Pco, decreases, minimizing intracellular 
pH changes. In fact, intracellular pH may actually increase acutely. 
While hepatic intracellular pH is markedly reduced in DKA owing 
to the production of metabolic acid at that site, other cells within 
the body are initially protected against the adverse effects of 
acidemia. 

Because hemodynamic abnormalities begin to appear when the 
PH falls below 7.1-7.2, bicarbonate use may be considered in pa- 
tients with acidemia of this severity.!'*!'® On the other hand, some 
investigators do not recommend bicarbonate supplements unless 
the pH is less than 7.0.''” In retrospective studies, no significant 
differences could be demonstrated with regard to correction of 
hyperglycemia, acidosis, and level of consciousness among pa- 
tients treated with bicarbonate and those not treated with bicar- 
bonate.''*!?° Interestingly, both ketone and lactate concentrations 
decreased more slowly in the patients who were treated with bicar- 
bonate, but were of no apparent clinical consequence.'!” In a more 
recent prospective randomized study of 21 patients with severe 
DKA, bicarbonate had no effect on recovery or other metabolic 
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parameters.'?' In a recent retrospective study of patients with se- 
vere DKA (pH values between 6.83 and 7.08), bicarbonate therapy 
(120 mEq + 40 mEq) did not improve the time to DKA resolu- 
tion.'?? However, the patients treated with bicarbonate required 
significantly greater potassium supplementation for hypokalemia 
during therapy.” Thus the routine use of bicarbonate in DKA ap- 
pears to offer no therapeutic advantage. It should be noted, how- 
ever, that in those patients with a marked reduction of the bicar- 
bonate concentration and maximal respiratory compensation, any 
further reduction in the bicarbonate concentration is associated 
with a drastic shift in pH. Consequently, the use of small quantities 
of bicarbonate in individuals whose plasma bicarbonate is of the 
order of 5-10 mEq/L might be prudent. In addition to exacerbating 
hypokalemia, it is reasonable to ask whether there is a theoretical 
disadvantage to the use of bicarbonate. Bicarbonate has been 
demonstrated to increase ketoacid production in the setting of star- 
vation.'?*!* Bicarbonate supplementation of subjects fasted for 
5-7 days increased the plasma ketone concentrations as well as uri- 
nary ketoacid excretion, indicating that bicarbonate increased ke- 
toacid production.'** The exact mechanism for this effect is not 
clear, but is associated with a reduction in urinary nitrogen excre- 
tion and may be a mechanism by which protein breakdown is min- 
imized in the fasting subject. The lack of effect of bicarbonate 
treatment on pH as well as the slower rate of decrease of the 
plasma ketone concentrations is consistent with these observations 
and suggests that bicarbonate may have increased ketoacid produc- 
tion. Although there may be a theoretical advantage to using bicar- 
bonate in fasting subjects to minimize protein breakdown, there is 
no therapeutic advantage in the setting of DKA. 

Patients recovering from DKA commonly demonstrate hyper- 
chloremia and develop a non-anion-gap metabolic acidosis.™*!?5 
During the treatment of DKA, the anion-gap metabolic acidosis re- 
solves quickly and is replaced by a mixed metabolic acidosis in 
which features of both an anion-gap and a hyperchloremic meta- 
bolic acidosis are present. The hyperchloremic metabolic acidosis 
begins to develop with therapy, and evolves progressively until it 
becomes the dominant acid-base disturbance. During the course of 
recovery, patients with a hyperchloremic metabolic acidosis at 
presentation may have a lower final bicarbonate concentration than 
those who present with the typical anion-gap metabolic acidosis." 
The development of the hyperchloremic metabolic acidosis during 
the recovery phase is attributed to several factors: (1) The bicar- 
bonate and buffer deficit in such patients is greater than is apparent 
from the reduction in the plasma bicarbonate concentration be- 
cause buffer in bone and other tissues has also been lost; (2) the 
availability of substrate (ketones) for regeneration of bicarbonate is 
less than that required to stoichiometrically replace the buffer that 
has been lost, because considerable quantities of ketones have al- 
ready been lost in the urine; (3) rapid volume expansion further in- 
creases the excretion of ketones in the urine, accentuating the 
deficit in substrate availability required to regenerate bicarbonate; 
(4) increased proximal tubular chloride reabsorption occurs, owing 
to limited bicarbonate availability; and perhaps, (5) if volume re- 
placement is excessive, there is also decreased proximal tubular 
reabsorption of bicarbonate. Though persistence of acidemia in 
the early phases of the treatment of DKA is an indication for the 
continued administration of insulin, it is important to recognize 
that this recommendation does not hold for the hyperchloremic 
metabolic acidosis that emerges toward the end of active therapy 
when the other metabolic abnormalities have been corrected. 
When the hyperglycemia has been controlled, the »H has reached 


7.3, and the patient is feeling well without any signs or sym 
toms of DKA, the rate of insulin administration can be reduce 
The acquired hyperchloremic metabolic acidosis will resolve ov 
several days as the kidneys adjust acid secretion and bicarbonate 
regenerated. 


ALTERATIONS IN CENTRAL NERVOUS SYSTEM 
FUNCTION AND STRUCTURE 


There has been great interest in the central nervous system of p: 
tients with DKA. This is a result of the infrequent but devastatin 
development of cerebral edema in some patients recovering frot 
DKA.” Though rare, the syndrome of cerebral edema usually oc 
curs during treatment of the first episode of ketoacidosis, but it 
mechanisms are poorly understood. Neurologic collapse ma 
occur as early as 3.5 hours after implementation of therapy or a 
late as 22 hours. Neither hyponatremia nor the rate of fluid admin 
istration appears to be a precipitating factor. Most patients hav 
corrected sodium concentrations (130 mEq/L), and cerebral edem. 
has developed in patients who were rehydrated with oral fluids. Ex 
cessive lowering of the glucose concentration during therapy i 
probably not important, since it is less than 200 mg/dL in onl; 
~25% of patients who develop this complication.'*° An etiologic 
role for the rate at which the hyperglycemia is corrected cannot be 
demonstrated. 

During the course of therapy of DKA, the cerebrospinal fluic 
pressure increases to high levels without any obvious adverse ef- 
fect.'?’ The increase in pressure occurs during the first 10 hours oi 
therapy, and values as high as 600 mm H,O may be reached with- 
out fatal outcome. Papilledema is not observed. The cerebrospinal 
fluid pressure returns to normal within 9-10 hours. The complica- 
tion of cerebral edema, if it develops, will usually do so within 14- 
16 hours of the initiation of therapy.'”° 

In patients with coexistent hyponatremia, the plasma osmolal- 
ity may be normal or just modestly elevated despite the presence of 
severe hyperglycemia. Correction of hyperglycemia during therapy 
without simultaneous elevation of the plasma sodium concentra- 
tion permits adverse osmolar gradients to be created that favor the 
shift of fluid into the intracellular compartment of the brain and the 
development of cerebral edema. Careful intake and output meas- 
urements indicate that simple fluid overload is unlikely to be re- 
sponsible for this problem. Large doses of glucocorticoids or man- 
nitol or both'™® have been recommended as therapy, but there is 
little experience with the problem and it is difficult to know 
whether such an approach is beneficial. 

Several theories have been proposed to explain this phenome- 
non. Paradoxical development of cerebrospinal fluid/central nerv- 
ous system acidosis during treatment and altered central nervous 
system oxygenation resulting from increased hemoglobin affinity 
for oxygen and diminished cerebral blood flow during treatment of 
DKA seem unlikely causes of this complication. Development of 
an unfavorable osmotic gradient during therapy that favors exces- 
sive intracellular movement of water and overhydration of the cen- 
tral nervous system is the most plausible theory, but there are seri- 
ous limitations with this theory as well. 

The hypothesis has been postulated that the cerebral edema 
that occurs during the treatment of DKA is due to activation of the 
sodium-hydrogen exchanger in the cell membrane that regulates 
cytoplasmic pH.'?? Cytoplasmic acidification from high levels 
of organic acids activates sodium-hydrogen exchange, cellular 
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sodium entry, and the exit of hydrogen from the cell. Cell volume 
increases and swelling occurs as a consequence of acidification of 
the cytoplasmic compartment. The hypothesis suggests that the cell 
swelling is asymptomatic prior to the initiation of therapy. During 
therapy, extracellular proton concentrations fall, thus decreasing 
the competition between extracellular sodium and hydrogen for 
transport, sodium uptake increases, and osmotic swelling occurs. 
Correction of the hyperglycemia produces a decrease in the extra- 
cellular osmolality that further accentuates the osmolar gradient 
between the extracellular and intracellular compartment and favors 
the movement of water into the cell. Last, insulin may also directly 
activate the exchanger on the surface of cells, thereby aggravating 
central nervous system swelling. Other investigators have disputed 
this theory.” At present the hypothesis remains unproved and little 
additional information is available. 

The theory that unfavorable osmotic gradients develop during 
DKA therapy is more strongly supported than any other at the pres- 
ent time. In dogs, sudden correction of sustained hyperglycemia 
leads to increased cerebrospinal fluid pressure and cerebral edema. 
The theory that sustained hyperglycemia produces increased quan- 
tities of central nervous system sorbitol via the polyol pathway, and 
that the accumulation of this slowly metabolizable sugar within the 
brain results in cerebral edema when the blood glucose concentra- 
tion is abruptly reduced, is not entirely correct. Measurement of 
sorbitol and other osmotically active sugars in brain tissue reveals 
that there are insufficient quantities of these substances to account 
for the increased intracellular osmolality that develops in the face 
of sustained hyperglycemia. Several interesting observations rele- 
vant to this theory are derived from studies in rabbits.'*'*? Acute 
hyperglycemia in rabbits will initially produce a loss of water from 
the brain and intracellular volume contraction. When the hyper- 
glycemia is sustained, however, central nervous system volume and 
hydration are restored to normal. Thus mechanisms that protect the 
brain from water loss in the presence of sustained hyperosmolality 
appear to be operative.” The identity of these osmotically active 
particles, originally thought to be sorbitol but subsequently dis- 
proved, is still unknown, and they have been referred to as “idio- 
genic” osmoles.'?'-'™4 In a rat model of streptozocin-induced DKA, 
preservation of brain water content despite severe volume deple- 
tion is partly explained by an increase in brain taurine content.'* 
Taurine has been previously shown to function as an osmoprotector 
in several mammalian brain models. Additionally, its role as an in- 
hibitory neurotransmitter, increasing the seizure threshold, may be 
important in DKA." 

When the blood glucose concentration is reduced by insulin 
from 55 mmol/L to less than 14 mmol/L (~300 mg/dL) over 4-6 
hours, cerebral edema ensues. When the osmotic gradient between 
the brain and plasma is greater than 30 mOsm/kg, cerebral edema 
develops;'** this gradient does not occur unless the blood glucose 
concentration is reduced to less than 14 mmol/L within 4 hours. "?' 
It is particularly interesting that cerebral edema does not develop 
when dialysis is used to reduce the blood glucose concentration in- 
stead of insulin.'*' With insulin, brain osmolality falls more slowly 
than plasma osmolality, favoring the formation of a significant gra- 
dient. In contrast, the decline in intra- and extracellular osmolality 
is parallel and proportional with dialysis. When insulin is used to 
correct the hyperglycemia, brain tissue analysis reveals that 50% of 
the osmotic gradient is due to electrolytes, including potassium, 
and 45% is due to unidentified particles. Brain water, sodium, and 
potassium are significantly increased by insulin. In view of its ef- 
fects on electrolyte transport in other tissues, insulin may be im- 
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portant in the pathogenesis of this problem.'2’ The recommenda- 
tion that the glucose concentration not be acutely reduced to less 
than 250-300 mg/dL during the active phase of treatment of DKA 
is derived from these studies. Nonetheless, cerebral edema has de- 
veloped in patients whose plasma glucose concentrations remained 
above 250-300 mg/dL. '”° 

Cerebral edema is often unpredictable; however, 50% of pa- 
tients in one series had prodromal headache, confusion, inconti- 
nence, changes in arousal and behavior, pupillary changes, blood 
pressure changes, bradycardia, disturbed temperature regulation, or 
seizures.'*° Therapy was successful in 50% of patients who had 
premonitory symptoms. '™® The development of headache or confu- 
sion during the course of therapy, particularly in a young patient or 
one being treated for the first episode of DKA, suggests incipient 
cerebral edema and the need for aggressive intervention. These 
symptoms usually occur at a time when there has been consider- 
able metabolic improvement. In a recent study of six children with 
DKA, treatment was associated with mild cerebral edema in all pa- 
tients, but none developed neurologic signs or symptoms." 8 They 
received combinations of isotonic and hypotonic saline with glu- 
cose at rates of administration that varied from 3.1-7.95 L/m?/24 h. 
Computed tomography demonstrated narrowing of the third and 
lateral ventricles, with a reduction in the subarachnoid space. Sen- 
sory evoked potentials may be prolonged within 2 hours after start- 
ing therapy for DKA in patients without obvious clinical manifes- 
tations, suggesting transient dysfunction during treatment.'*? Thus 
cerebral edema may be a common subclinical occurrence during 
the course of treatment of DKA. If this supposition is true, then the 
difference between those who do and those do not develop sympto- 
matic cerebral edema is quantitative and not qualitative. All pa- 
tients may develop cerebral edema, but only those with the greatest 
degree of cerebral edema are likely to have clinical complications. 
The issue of cerebral edema has been recently reviewed and its 
cause remains controversial and unresolved.'40"'? 


MISCELLANEOUS COMPLICATIONS 


It is well known that the Po, of patients presenting with DKA is 
significantly elevated and may decrease dramatically during the 
course of therapy.” Hypoxemia has been noted in 53% of patients 
during the treatment of DKA. In association with the marked re- 
duction that occurs in plasma colloid oncotic pressure during ther- 
apy, the arterial Po. may decrease by a mean of 33 mm Hg and the 
Pao.—Pa0, gradient may indicate pulmonary dysfunction, of which 
pulmonary edema may be one of several causes. The development 
of noncardiac pulmonary edema as a complication of DKA treat- 
ment has been described.’ A reduction in plasma oncotic pressure 
in combination with reduced pleural pressure may predispose the 
patient to the development of pulmonary edema. Pulmonary edema 
has also been described in patients with chronic renal failure during 
therapy of DKA.'* 

Aspiration of gastric contents with subsequent respiratory 
problems or death is a rare complication of the treatment of 
DKA." Gastric decompression may prevent this complication in 
selected patients. 

The presence of hypothermia in patients with DKA is associ- 
ated with a poor outcome. Despite hypothermia or absence of 
temperature elevation, a search for infection and consideration of 
concomitant endocrinopathy (i.e., myxedema) as a precipitating 
event for DKA is warranted. Mortality rates of 30-60% have been 
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encountered in hypothermic patients.'*”'*® Fulminant malignant 
hyperthermia has also been associated with DKA and coma. 


MORBIDITY AND MORTALITY 


There is a common misconception that the mortality rate in DKA is 
low. Because a substantial number of patients with DKA are eld- 
erly, some mortality is expected.*'® Intercurrent illnesses are 
likely to be more serious in elderly patients with coexistent multi- 
system disease. In the elderly, the intercurrent illness is often the 
factor limiting survival, not the ketoacidosis. 

Although the mortality rate of DKA has decreased, in 1994 
DKA was the primary cause of 20 deaths per 100,000 diabetic 
patients.' There remains an excess DKA burden in the African- 
American population, which has a 2.3-fold increase in DKA.' Edu- 
cational and economic resources must be allocated to this segment 
of the population to improve the mortality rate from DKA.'*"! For- 
tunately, children under age 15 years rarely have fatal DKA!*! un- 
less cerebral edema develops. Above the age of 15 years, DKA 
mortality increases progressively, reaching 15-28% in patients 
over the age of 65 years.'*° 

Although coma is now infrequently encountered in patients 
with DKA, its presence is a bad prognostic sign and high mortality 
should be expected.’ Mortality may approach 45% when coma is 
present. "° 

Prevention of DKA through improved recognition of precipi- 
tating factors, early diagnosis and therapy, and education should 
decrease the incidence of DKA and further improve its associated 
morbidity and mortality. 
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CHAPTER 35 


Hyperglycemic Hyperosmolar Syndrome 


Robert Matz 


In 1886 Dreschfeld' described two clinical types of a usually fatal 
acute or subacute complication of uncontrolled diabetes. The most 
common syndrome is now recognized as diabetic ketoacidosis. The 
less frequent form of the disease was typically seen in “older dia- 
betics who are still stout and well nourished at the time of the at- 
tack”! and was characterized by a more insidious onset of drowsi- 
hess, eventuating in frank coma. This entity was sporadically 
recognized by clinicians” under a variety of names, and is now best 
characterized as the hyperglycemic hyperosmolar syndrome 
(HHS).’ 


DEFINITION 


The entity is characterized by severe hyperglycemia (plasma glu- 
cose 2600 mg/dL or =34 mmol/L), hyperosmolarity (effective 
osmolarity =320 mOsm/L), and dehydration in the absence of 
significant ketoacidosis (the presence of some ketonuria or mild 
ketonemia and an arterial pH as low as 7.3 or a serum bicarbonate 
as low as 15 mEq/L do not preclude the diagnosis) (Table 35-1). 
It occurs more frequently in the elderly, often mild, type 2 dia- 
betic; develops more insidiously than diabetic ketoacidosis 
(DKA); is frequently associated with central nervous system dys- 
function; is typically associated with severe fluid depletion and 
renal functional impairment; and has been claimed to have an ex- 
waordinarily high mortality. It is part of a clinical spectrum of se- 
vere hyperglycemic disorders’ that ranges from hyperglycemic 
hyperosmolarity without ketosis to full-blown DKA, with a sig- 
nificant degree of overlap. 

The term diabetic coma is a carryover from the preinsulin era, 
when coma was a frequent terminal event in the uncontrolled dia- 
betic and over half of these patients on presentation were already 
comatose. Currently, only 10% of decompensated diabetics present 
in coma and more than 20% have no alteration of their state of con- 
sciousness. Any definition by laboratory values such as serum bi- 
carbonate or serum ketone levels. plasma glucose, or serum osmo- 
larity is arbitrary, and the term diabetic coma should be dropped. 


HYPERGLYCEMIC HYPEROSMOLAR 
SYNDROME (HHS) 


Early reports stressed the rarity and high mortality of HHS; how- 
ever, pure hyperosmolar hyperglycemic diabetes is responsible for 
one-third to one-half of episodes of uncontrolled diabetes, and hy- 


perosmolarity is present in an additional one-fifth to one-thir 
of episodes, which we have termed mixed HHS.”* Therefor 
50-75% of uncontrolled diabetic patients present with significa 
hyperosmolarity. 

Life-threatening hyperosmolarity is not restricted to patien 
with diabetes mellitus, and is seen, for example, in association wil 
diabetes insipidus and in the elderly with a variety of illnesses, « 
as severe hypernatremia with a mortality exceeding 40%. Hype 
glycemic hyperosmolarity may follow the administration of man 
medications or a variety of acute illnesses. The precipitants ai 
similar to those responsible for DKA.* 

While it has been called nonketotic and nonacidotic, this is it 
correct since as many as half of the adults and most children wit 
hyperglycemic hyperosmolarity exhibit some degree of metaboli 
acidosis, with an increased anion gap reflecting excess lactat 
azotemia, or a mild degree of ketonemia.>* 

The normal serum osmolarity is 290 + 5 mOsm/L. A roug 
approximation of the actual value can be obtained as follows: 


Serum osmolarity (mOsm/L) 
= 2[Na* (mEq/L) + K* (mEq/L)] 


te plasma glucose (mg/dL) | BUN (mg/dL) 
18 2.8 


In some calculations the serum K* is omitted.’ Because urea 
freely diffusible across cell membranes, it contributes little to tk 
effective serum osmolarity relative to the intracellular space, and 
is the effective osmolarity that is the critical determinant in hype 
osmolar states. While HHS is referred to as “hyperosmolar” di: 
betes, the distinction should be made between osmolarity, which 
the concentration of an osmolar solution, and tonicity, which is tk 
osmotic pressure of a solution. Tonicity more appropriately reflec 
what we refer to as the effective osmolarity or Eosm.* 

The effective serum osmolarity (Eosm) is calculated as fo 
lows: 


Eosm = 2[Na* (mEq/L) + K* (mEq/L)] 


plasma glucose (mg/dL) 
18 


When Eosm exceeds 320 mOsm/L, significant hyperosmolarity e) 
ists: when Eosm exceeds 350 mOsm/L, severe hyperosmolarity 
present. 
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TABLE 35-1. Hyperglycemic Hyperosmolar Syndrome 


* Blood glucose = 600 mg/dL or = 34 mmol/L 
e Eosm = 320 mosm/L 
e Arterial pH = 7.30 
¢ SERUM BICARBONATE > 15 mEq/L 
Eosm = Effective osmolarity 


Blood glucose (mg/dL 
= 2 [Na* + K* (mEq/L)] + ime) 


18 


Some authors omit the serum K* when calculating the Eosm. 


PATHOGENESIS 


Emphasis should be placed on the most common precipitants of 
uncontrolled diabetes. Infection," omission or withdrawal of in- 
sulin from known diabetics, lack of adequate free water intake 
(vomiting, restraints, side rails, extremes of age, excessive seda- 


tion), a variety of physiologic stresses, and a growing number of 
medications must be considered, sought, and corrected (Fig. 35-1). 
Social isolation, especially in the elderly, is a major predisposing 
factor.° 

The hyperglycemic hyperosmolar syndrome is restricted pri- 
marily to the infirm, neglected, very young, very old, institutional- 
ized (in hospitals and nursing homes), mentally deficient, or im- 
paired patients, and those who cannot recognize thirst or express 
their need for water. It is also seen in patients with major unre- 
placed fluid losses, usually secondary to a massive glucosuric os- 
motic diuresis, and following gastrointestinal fluid losses with a 
limited intake. These patients typically have type 2 diabetes melli- 
tus (T2DM) or are not known to have diabetes prior to the hyperos- 
molar episode. Rarely, this syndrome may present in a type 1 dia- 
betic at any age. 

The critical initiating event is the development of a persistent 
glucosuric diuresis. Glucosuria develops when the amount of glu- 
cose presented to the proximal tubule is greater than 225 mg/min. 


FIGURE 35-1. Pathogenesis of hyperglycemic hyper- 
osmolar syndrome. 
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To achieve this tubular load, the plasma glucose must exceed 180 
mg/dL at a normal glomerular filtration rate (GFR) of 125 mL/min. 
This level is the plasma renal threshold for glucose (the level be- 
yond which, at normal GFR, glucose first appears in the urine). As 
the GFR decreases with renal insufficiency or intravascular volume 
depletion, greater levels of plasma glucose will be necessary to 
provide a tubular load of 225 mg/min. Thus, at a GFR of 62.5 
mL/min, the plasma glucose would have to exceed 360 mg/dL to 
achieve this tubular load. When the tubular load of glucose exceeds 
320 mg/min (the tubular maximum for glucose reabsorption or 
TmG), almost all of the glucose reaching the tubules above this 
amount is lost in the urine. As long as fluid intake is adequate and 
intravascular volume and GFR are maintained, loss of glucose 
above the threshold and the TmG functions as a renal safety valve, 
by preventing accumulation in the extracellular fluid (ECF) of non- 
diffusible glucose and associated life-threatening hyperosmolarity. 
If the GFR is normal (180 L/d), the filtered load of glucose is 1800 
g/d at a plasma concentration of 1000 mg/dL. Since the normal 
kidney is capable of reabsorbing about 500 g of glucose per day, 
approximately 1300 g of glucose would be excreted per 24 hours. 
Thus a normally perfused kidney will not permit marked hyper- 
glycemia to be present even for short periods of time. Since most 
patients with HHS do not have renal failure after treatment, their 
GFR must be reduced by a reversible mechanism, namely a marked 
contraction of the extracellular volume. It is failure to maintain ad- 
equate renal function due to primary kidney disease or secondary 
to intravascular volume depletion and the associated fall in GFR 
that results in remarkable elevations of the plasma glucose. 

These patients may not respond to the stimulus of thirst be- 
cause of incapacity, confusion, stroke, or age. Often they are un- 
able to take or retain fluids due to restraints, sedation, coma, nausea 
and vomiting, or diarrhea. They may be receiving hyperosmotic na- 
sogastric tube feedings or total parenteral nutrition with inadequate 
provision of free water, or have impaired renal function with in- 
ability to concentrate their urine or respond to antidiuretic hormone 
and conserve water. In any event, they do not ingest or retain suffi- 
cient quantities of free water to meet the demands of the glucosuric 
osmotic diuresis. These patients are losing electrolytes plus water, 
but the losses of water exceed those of electrolytes.® If these losses 
are not replaced, hypovolemia, intra- and extracellular dehydration, 
and hyperosmolarity develop, setting the stage for the sequence al- 
ready outlined. 

Some of these patients on presentation have an adequate urine 
output that declines to oliguric levels after plasma glucose levels 
are lowered to the 250-350-mg/dL range. Patients may suffer from 
the “latent shock of dehydration” that can be made manifest by 
rapid correction of hyperglycemic hyperosmolarity without ade- 
quate volume replacement. If the plasma glucose concentration 
falls rapidly, the intracellular space, which is severely depleted of 
water and in osmotic equilibrium with the extracellular compart- 
ment, takes up water freed by the metabolism of glucose along an 
osmotic gradient favoring the movement of water from the extra- 
cellular to the intracellular space. This leaves behind a contracted 
intravascular space with concomitant hypotension and oliguria. 
Prevention is achieved by the infusion of larger volumes of crystal- 
loid solutions early in therapy or at the first recognition of the com- 
plication. Controlled studies have not demonstrated the superiority 
of colloid over crystalloid solutions in this situation, and show no 
evidence that albumin administration reduces mortality in critically 
ill patients with hypovolemia, while suggesting that it may actually 
increase mortality.” 
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There is an age-related reduction in renal concentrating « 
associated with a low-grade arginine vasopressin (ADH) resi: 
in the aged kidney.'° Additional changes that occur with agi 
clude a 30-50% decrease in GFR, renal blood flow (RBF), an 
ney mass by age 70. The elderly also have a reduced total 
water content. A young individual is approximately 70% \ 
whereas the elderly are 60% water by weight. This means that 
kg (155-Ib) 30-year-old has 7-8 L more total body water than 
year-old of the same weight. The elderly have less total body ' 
with which to buffer losses in water and changes in osmolarity 
a decreased sense of or response to thirst at serum osmolariti 
which younger individuals are driven to drink, so they may not 
untarily drink water to correct significant hyperosmolarity anc 
hydration. Thus the elderly, for multiple reasons, are more vuli 
ble to and have limited ability to deal with an osmotic diures 
any major loss of free water. 


CLINICAL MANIFESTATIONS 


The liver’s ability to produce sugar in the diabetic exceeds 1 kg 
day.® This gluconeogenic-induced hyperglycemia causes a mas: 
solute diuresis, total body water depletion, and intracellular de 
dration resulting in the classic features of uncontrolled diabe 
mellitus: polyuria and polydipsia leading to hypovolemia, hypot 
sion, organ hypoperfusion, and tachycardia. The osmotic diure 
results in loss of glucose, water, and multiple electrolytes. In 
hyperosmolar nonacidotic patient, the entire syndrome evol: 
over a longer period of time (usually days to weeks) as compar 
to classical DKA, and ketosis either does not supervene or i: 
minor part of the picture. 

The typical patient is over 60 years old,** but HHS may 
seen in infants, children, or young adults.” Often the patient is no 
previously known diabetic or the disease is mild and managed | 
diet, an oral hypoglycemic agent, or a small amount of insulin. Pr 
sentation may include a depressed mental status. In our series” 45 
of the patients presenting with an Eosm >350 mOsm/L were con 
atose. The history is one of days to weeks of increasing thir: 
polyuria, and frequently, in the background, a disease such as 
stroke or renal insufficiency. Patients present with heavy glucosuri 
and minimal or no ketonuria or ketonemia. A history of weigl 
loss, weakness, visual disturbances, and leg cramps during the pre 
ceding days or weeks may be elicited. Patients usually, but not in 
variably, appear severely ill. Physical examination demonstrate 
profound dehydration, poor tissue turgor, soft sunken eyeballs 
cool extremities, and at times, a rapid thready pulse. In contrast t 
DKA, respirations are not Kussmaul in nature, and the aroma o 
acetone cannot be appreciated on the breath. 

Nausea, vomiting, and abdominal pain occur less frequently 
than in DKA, while constipation and anorexia are occasionally 
seen. Gastric stasis and ileus is less frequent than in classical 
DKA. Hyperglycemia (levels >250 mg/dL) slows gastric empty- 
ing and gastric motility," but cannot alone explain the nausea and 
vomiting seen in the uncontrolled diabetic. Mild gastrointestinal 
bleeding from hemorrhagic gastritis occurs in as many as 25% of 
patients. These findings are typically reversed by hydration and 
insulin. The occurrence of abdominal pain, tenderness, nausea and 
vomiting, lack of bowel sounds, and ileus in uncontrolled diabetes 
must not obscure possible intra-abdominal processes requiring ur- 
gent attention (e.g., mesenteric ischemia or cholecystitis). The 
response to therapy and the history are of critical importance. 
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Findings secondary to uncontrolled diabetes usually improve dra- 
matically following the rapid infusion of fluids and insulin, and 
their development follows the onset of the symptoms of uncon- 
trolled diabetes rather than preceding them. Another cause of ab- 
dominal pain and tenderness in the uncontrolled diabetic is fatty 
infiltration of the liver resulting in distension of Glisson’s capsule. 
Liver function tests are abnormal in up to one-third of patients, 
and both liver functional abnormalities and hepatic size return to 
normal following treatment. 

Hypothermia (rectal temperature =96.8°F or 36°C, or an oral 
temperature below 95°F or 35°C) or normothermia is the rule in 
DKA,'? and deep hypothermia is a poor prognostic sign in the pres- 
ence of ketoacidosis.'? In HHS the average rectal temperature on 
admission in our series of 130 patients was 99.8°F (37.7°C) and in 
the fatal episodes 100.7°F (38.2°C).? 

The dehydration encountered in the hyperosmolar patient has 
been thought responsible for the absence of physical (rales) or x- 
ray (infiltrates) evidence of pneumonia until rehydration is 
achieved, but this is a rarity and more often than not unauthenti- 
cated. However, evidence of congestive heart failure may be absent 
until the patient has been volume repleted. Therefore, patients with 
HHS should have a periodic repeat physical examination and, 
when indicated, x-ray examination, during the course of treatment. 

The development of acute respiratory distress syndrome 
(ARDS) in uncontrolled diabetes has been fully described by Car- 
roll and Matz,'*"’* but has been seen in only one patient with pure 
HHS. Nevertheless, 75% of the patients with this complication 
have had an Eosm exceeding 320 mOsm/L. 

Few patients with HHS or DKA now present in true coma, and 
many have no clouding of consciousness. Investigators" have con- 
cluded that the depth of stupor in uncontrolled diabetes does not 
correlate with acidemia, but rather parallels the hyperglycemia and 
best correlates with the degree of hyperosmolarity. Acidosis has 
been claimed to correlate with the level of consciousness, but this 
relationship has not been confirmed.’ Hyperosmolarity is not suf- 
ficient for the development of stupor in these patients." The addi- 
tional factor is the rapidity with which hyperosmolarity develops. 
Others!’ have proposed that the serum sodium concentration cor- 
rected for the concomitant serum glucose concentration provides a 
better index of cerebral hydration and identifies patients at risk for 
neurological impairment.'® If the effect of urea is removed and the 
“effective osmolality” or “tonicity” is calculated, patients with 
Eosm levels of =320 mOsm/L may be comatose, whereas those 
with lower levels are typically not. 

In summary, coma in the uncontrolled diabetic is primarily the 
result of hyperglycemia and hyperosmolarity and not acidosis. 
Coma rarely occurs unless the measured osmolarity exceeds 340 
mOsm/L’ or the Eosm is >320 mOsm/L,”"’ and most comatose or 
stuporous patients have an Eosm >350 mOsm/L. The absence of 
hyperosmolarity (in the absence of hypoglycemia) in an obtunded 
diabetic suggests that the alteration in consciousness is not due to 
metabolic decompensation, and another cause must be sought. 

Patients with HHS present with neurologic abnormalities that 
are rarely observed in DKA not accompanied by hyperosmolar- 
ity.” Up to 19% manifest grand mal or focal seizures and/or tran- 
sient hemiparesis, and may have an extensor plantar reflex (Babin- 
ski) leading to the erroneous diagnosis of stroke. Additional 
findings may include aphasia, homonymous hemianopsia, 
hemisensory deficits, visual hallucinations, muscle fasciculations, 
opsoclonus-myoclonus, central hyperthermia, nystagmus, delir- 
ium, acute quadriplegia, and the exacerbation of a previous organic 


mental syndrome.° The neurologic signs may be focal, often re- 
flecting sites of prior central nervous system damage. Most of these 
neurologic abnormalities resolve with correction of the hyperos- 
molarity. Seizures, when present, should not be treated with anti- 
convulsants, especially diphenylhydantoin, because anticonvul- 
sants are relatively ineffective in metabolic seizures and 
diphenylhydantoin has been responsible for precipitating HHS.”° 
Seizures usually respond quickly to correction of hyperosmolarity. 
Hypotension may be present on admission or develop subse- 
quently if body water and intravascular volume are not adequately 
repleted.® This should be rare with early recognition of the syn- 
drome and the more aggressive use of large volume infusions. 
Vascular occlusions have been reported as the most important 
complication of HHS. These include mesenteric artery occlusion, 
low-flow syndrome, and disseminated intravascular coagulation. 
Arterial thromboses are claimed to be responsible for 33% of the 
deaths in comatose diabetics,”' and there is speculation about the 
potential benefits of using anticoagulants and inhibitors of platelet 
function in these patients.”!?? Recommendations for low-dose hep- 
arin in elderly comatose patients or those with severe hyperosmo- 
larity have been made. We? have found the incidence of vascular 
occlusions to be low (2%), and these events occurred in the pres- 
ence of severe hypotension, dehydration with associated hemocon- 
centration, and hyperviscosity associated with low flow in an al- 
ready compromised circulation. Since platelet aggregation is 
increased in diabetic subjects,” insulin-mediated vasodilation via 
endothelial release of nitric oxide is impaired in insulin-resistant 
states, and both type 2 diabetes and insulin resistance are associ- 
ated with impaired fibrinolysis” °° and elevated plasminogen acti- 
vator inhibitor-I (PAI-!) levels, the invocation of an additional co- 
agulopathy in HHS is questioned. Heme-positive gastric contents 
are seen in up to 25% of uncontrolled diabetes.° If full anticoagula- 
tion becomes routine, an increase in the incidence and severity of 
gastrointestinal hemorrhage might ensue. Aggressive volume re- 
pletion and Mg** replacement””® (which has a platelet antiaggre- 
gant effect) may account for the infrequency of thromboembolic 
complications in our series.” No prospective studies have demon- 
strated the safety or benefit of prophylactic full anticoagulation or 
of low-dose heparin. As in any acutely ill, bedridden, elderly pa- 
tient with compromised circulatory status, underlying vascular 
disease, and a hypercoagulable state, low-dose heparin or low- 
molecular-weight heparin may be beneficial if there are no con- 
traindications and the peripheral circulation is adequate to permit 
absorption. If there are specific indications for full anticoagulation, 
its use should be based on weighing the benefits versus the risks. 
Rarely, pleural, pleuropericardial, and pericardial friction rubs 
and pain may occur in severely dehydrated patients with ketoacido- 
sis, as well as in hyperglycemic hyperosmolar patients. Transient 
ST and T wave changes compatible with pericarditis maybe seen in 
patients with HHS with DKA. These evanescent findings are typi- 
cally seen on presentation and rapidly resolve with hydration.” 


LABORATORY FINDINGS 


The laboratory characteristics of HHS are influenced by the criteria 
chosen for the definition. In two large series, the average plasma 
glucose was 998 mg/dL, HCO; was 21.6 mEq/L, Na* was 143 
mEq/L, K* was 5.0 mEq/L, and the anion gap was 23.4 mEq/L. 

A polymorphonuclear leukocytosis with a count in the 12,000— 
15,000/mm? range is the rule, and it may exceed 50,000/mm’. In 
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most patients the hematocrit will be increased secondary to in- 
uavascular volume contraction, with values over 55% commonly 
seen. A normal hematocrit on presentation should lead the clinician 
to anticipate anemia when volume has been restored. When the 
mean corpuscular hemoglobin concentration (MCHC) and hemat- 
ocrit are determined by the Coulter technique, results may be artifi- 
cially elevated in patients with hyperosmolarity, since the diluting 
fluid used during the analysis is isosmotic with normal serum and 
will cause swelling of hyperosmolar red cells. Abnormal liver func- 
tion tests and multiple abnormalities of a variety of serum enzymes 
have been seen in 20-65% of patients with either DKA or HHS. 
Patients with uncontrolled diabetes develop the “euthyroid sick 
syndrome,” with low levels of T3, T4, and TSH, plus elevated levels 
of reverse T4.” Triglyceride and cholesterol levels are elevated in 
uncontrolled diabetes. The serum may appear lactescent and 
lipemia retinalis on funduscopy may be present. 

Lipemia may cause methodologic interference with a number 
of laboratory tests. The problem previously referred to as “pseudo- 
hyponatremia,” or a falsely low serum sodium seen in the presence 
of severely elevated triglycerides and chylomicrons when serum 
electrolytes were determined volumetrically, should no longer be 
an issue in laboratories where ion-specific electrodes are in use. 
Where older volumetric methods are utilized, pseudohyponatremia 
may still be seen. 

The serum amylase may be elevated in DKA in the absence of 
acute pancreatitis, but this is uncommon in HHS, and in fact the 
amylase determination may be falsely low due to interference from 
serum triglycerides. 


TREATMENT 


Generally accepted aspects of therapy include searching for cor- 
rectable precipitants, such as infection, and treating them promptly. 
In older patients and those with cardiovascular disease, a central 
venous line capable of monitoring the central venous pressure or a 
Swan-Ganz catheter is often warranted. If the patient is alert and 
capable of voiding, an indwelling urinary catheter should be 
avoided; however, in obtunded patients an indwelling catheter is 
necessary until they can void on demand, and urine output should 
be continuously monitored (Table 35-2). 

Nasogastric intubation may be required since ileus, gastric dis- 
tension, and mild gastrointestinal bleeding occur in a number of 
patients, and the obtunded patient is liable to vomit and aspirate 
gastric contents, further complicating therapy. 

Neither body temperature nor white blood counts are reliable 
indicators of infection in these patients. Once appropriate cultures 
are obtained, if an infection is strongly suspected, conventional 
wisdom dictates antibiotic therapy. 

If hypotension is present, large volumes of a crystalloid solu- 
tion or a volume expander should be administered, and correction 
of hypoperfusion takes precedence over all other considerations. If 
necessary, pressors should be added to the regimen when the hy- 
potension is refractory to volume replacement. When the hyperos- 
molar patient becomes hypotensive, there is no volume reserve to 
call upon since the hyperosmolar state has already effected maxi- 
mum removal of water from the intracellular space to maintain the 
integrity of the intravascular compartment. This “autotransfusion” 
serves to preserve vascular volume and organ perfusion at the ex- 
pense of intracellular volume.° Therefore, when shock supervenes, 
water must be rapidly replaced to restore the integrity of the circu- 
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lation. If hypotension persists after large volume infusions a 
pressors, other causes must be considered (e.g., myocardial in 
tion, sepsis, pancreatitis, or gastrointestinal hemorrhage). 

While insulin resistance is present in virtually every dia 
and although hyperosmolarity results in impairment of ins 
mediated glucose metabolism and reduced pancreatic insult 
cretion,° the large doses of insulin previously used to treat un 
trolled diabetes are unnecessary. If there is any question abou 
adequacy of peripheral perfusion, the intravenous route of in: 
administration is most reliable. The use of intramuscular or su 
taneous insulin is acceptable as long as perfusion of the injec 
site is adequate and the clinician remembers that both the ons 
well as cessation of action of insulin given in this manner is 
layed. Repetitive intravenous insulin bolus treatment of the un 
trolled diabetic is inefficient and unreliable. We recommend ar 
travenous bolus of approximately 10-15 U of regular insuli: 
provide a rapid blood level, followed by a continuous infusio; 
0.1 U/kg/h (in the average adult, 5-10 U/h). With all reported r 
mens, the rate of plasma glucose decline is linear and predictab] 
between 75 and 150 mg/dL/h, provided no other complicating ` 
tures are present. The amount of insulin required to treat HH: 
comparable to that required in DKA. 

Once intravenous insulin is discontinued and intermiti 
subcutaneous insulin begun, management typically defaults 
“sliding-scale” insulin coverage. This method of treatment 
never undergone objective scrutiny and violates what is knc 
about the physiology of insulin action, which indicates preempt 
administration is needed to control hyperglycemia and repair 
metabolic chaos of the uncontrolled diabetic state. It is intellec 
ally, intuitively, and practically impossible to regulate blood g 
cose retroactively, and sliding-scale coverage, while it relieves 
tired physician of the necessity to contemporaneously evalu 
each glucose level, delays the establishment of a suitable prospi 
tive treatment regimen and prolongs hospitalization. 

Because of the “safety-valve” function of the normal kidne 
in the presence of plasma glucose concentrations exceeding t 
TmG, significant hyperglycemia can occur only if RBF and Gl 
are reduced (in the absence of an obstructive uropathy). When u 
controlled diabetics are rehydrated and renal blood flow is reesta 
lished, the loss of glucose in the urine should rapidly lower t 
serum glucose to a level somewhere between the rena! threshc 
and the TmG (i.e., between 180 and 350 mg/dL). Early in treatme 
the primary mechanism for glucose disposal is urinary excretic 
rather than insulin-mediated enhancement of glucose utilization. 
Three mechanisms account for the early fall in plasma glucose 
HHS. Dilution by infused fluids accounts for 24-34% of the tot 
reduction, while glucosuria in those with a preserved GFR and tl 
least reduced ECF accounts for most of the reduction (a 29-76 
fall in the glucose pool®). Raising the GFR in the presence of a his 
plasma glucose results in excretion of larger amounts of glucos 
The remaining early fall in blood glucose concentration is due 
non-insulin-dependent glucose metabolism in organs such as tl 
brain and kidney. 

The fall in plasma glucose concentration during the ear 
hours of treatment serves as an index of the adequacy of rehydr 
tion and the restoration of renal blood flow. Failure of the plasn 
glucose to fall implies either inadequate volume expansion | 
renal functional impairment. Therefore, the clinician must | 
wary of patients with uncontrolled diabetes and renal failure. 
Patients with either HHS or hyperglycemia in the presence | 
renal failure may present with high plasma glucose, BUN, ar 
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TABLE 35-2. Treatment of Hyperglycemic Hyperosmolar Syndrome 


General 

@ Perform directed history and physical examination. 

© Obtain plasma glucose, P. K*, Ca*~, Mg**, BUN, creatinine, electrolytes, CBC, urinalysis, chest x-ray, electrocardiogram, appropriate cultures, and 
ABGs. 

@ Aspirate stomach if patient is nauseated or vomiting, or if distension or bowel sounds are absent. Leave nasogastric tube in place on suction if large vol- 
ume of gastric contents is obtained or if contents are guaiac-positive. 

©® Insert urinary catheter if unable to void or obtunded. Monitor urine output hourly. 

@ Administer thiamine and vitamin B complex IV. 

@ Administer antibiotics as appropriate for infection or suspected infection. 

®@ Check for hypotension, state of consciousness (coma, stupor, or obtundation), hypothermia, or hyperthermia. 

@ Other directed studies as indicated (e.g., lumbar puncture if meningitis is suspected). 

© Consider airway protection in obtunded or unconscious patients. 


Fluids 
© Administer 0.5 N electrolyte solution if Eosm >320 mOsm/L, at a rate of 1500 mL/h (15-30 mL/kg/h) for first hour, 1000 mL/h for second and third 
hours, and 500-750 mL/h for fourth hour. 

© When Eosm <320 mOsmL, crystalloid fluid prescription should be changed to 1 N concentration (isotonic). 

@ If hypotensive, give 2000 mL/h of electrolyte solution (osmolarity dependent on Eosm as above). 

@ If hypotension is unresponsive to crystalloids, consider use of colloid and pressors. 

@ May require central venous pressure and/or pulmonary capillary wedge pressure monitoring to guide treatment. (In complicated cases, monitoring of car- 
diac output, peripheral resistance, and other parameters may be essential.) 

Add 5% DSW when plasma glucose is 250-300 mg/dL. 

Caution! Reduce fluid administration in presence of renal failure. 


Insulin 

© Give 15-U regular insulin bolus intravenously followed by intravenous (or intramuscular or subcutaneous) infusion of regular insulin at a rate of 0.1 
U/kg/h (5-10 Uhh). 

@ Decrease dose to 2-3 U/h when plasma glucose is 250-300 mg/dL. 

© If plasma glucose fails to decrease over 2—4 hours and urine output, fluid administration, and blood pressure are adequate, double insulin dose hourly. 


Potassium 

Administer no K* if plasma K* >5.0 mEq/L. 

Administer 20 mEg/h of K* as one-half potassium acetate and one-half potassium phosphate if plasma K* is 4-5 mEq/L. 
Administer 40 mEq K*/h two times if plasma K* is 3-4 mEq/L, then administer 20 mEq/h while rechecking K+. 
Administer 60 mEg/h one time if plasma K* <3.0 mEq/L, and then 40 mEq/h one time while plasma K* is rechecked. 
Monitor ECG hourly (leads V, and V;) for T waves to assist in guiding therapy between K* determinations. 


Phosphate 

@ Administer 0.1 mmol/kg/h (5-10 mmol/h) to maximum of 80-120 mmol/24 h. 

© If serum P falls below 1.0 mg/dL, increase infusion to 0.15 mmol/kg/h (10-15 mmol/h). 

@ If tetany develops, stop phosphate infusion, administer Ca* */Mg**, and check Ca** and Mg** levels. 
@ Do not use in presence of renal failure. 


Magnesium 

© Utilize physiologic multielectrolyte solutions containing Mg** (3-5 mEq/L) as standard intravenous fluid vehicle. 

© Administer 0.05-0.1 mL/kg of 20% MgSO, intramuscularly (or IV) (i.e., 4-8 mL of 20% MgSO, [0.08-0.16 mEq/kg]). 

© If Mg** is low or tetany develops, administer 500 mL of 2% MgSO, solution intravenously over 4 hours plus additional IM doses of 6-12 mEq every 
6-8 hours. 

© Do not use in presence of renal failure. 


Calcium 
© If Ca** is low or tetany develops, administer 10 mEq as an intravenous bolus and repeat as indicated. 


Comments 

@ Repeat K* hourly or as indicated. 

© Repeat Na*, venous bicarbonate, BUN every 2—4 hours. 

© Once plasma glucose is <600 mg/dL, utilize bedside fingerstick blood glucose testing hourly to monitor. Confirm with chemistry lab values every 
2—4 hours. 

@ Monitor blood pressure, pulse rate, temperature, and respiratory rate hourly until stable for 2—4 hours. 

@ Repeat pertinent physical exam as necessary, with special concentration on neurologic (mental) status; repeat exam of lungs for evidence of pneumonia, 
CHF, or ARDS; perform abdominal exam if NG tube has been inserted. 

@ Monitor intake and output hourly for at least 8 hours or until stable. 

Repeat pertinent tests as clinically indicated: ABGs, Hb/Hct, Mg,” ~ chest x-ray. 

In the absence of contraindications, consider prophylactic low-dose heparin or low-molecular-weight heparin. 
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creatinine. If renal failure is unrecognized and rapid fluid replace- 
ment is begun, pulmonary edema and/or congestive heart failure 
is inevitable. For hyperglycemia accompanying rena! failure, ther- 
apy with insulin alone, often in high doses, is appropriate. Insulin 
will reduce elevated potassium levels and as plasma glucose falls, 
the water freed wil! move out of the ECF into the intracellular 
space, thus decreasing the manifestations of circulatory conges- 
tion. Sudden loss of control of diabetes in the presence of ad- 
vanced renal failure may cause pulmonary edema and life-threat- 
ening hyperkalemia, both reversible by the use of insulin alone. 

The fluid losses in HHS range from 4.8 to 12.6 L with a mean 

of 9.1 L.° The fluid lost is hypotonic with respect to electrolytes. 
Therefore, the losses should be replaced with a hypotonic elec- 
tolyte solution (0.45% NaCl or a 0.5 N balanced electrolyte solu- 
tion). Half-normal balanced electrolyte solutions (e.g., Plasma- 
lyte™, Isolyte ST™, Normosol™ or lactated Ringer’s) avoid the 
administration of excess chloride that occurs when saline is used to 
replace the lost free water. [sotonic solutions, while initially hypo- 
tonic to the patient’s serum, provide excessive amounts of sodium, 
and in the case of saline, excess chloride, resulting in hyperna- 
tremia or hyperchloremia while aggravating the tendency toward 
insulin-induced edema. The time has come to replace normal saline 
and 0.5 N saline with these physiological solutions in the therapy 
of the uncontrolled diabetic. Until the initial tonicity of the serum 
(Eosm) can be calculated, especially if the patient is hypotensive, 
isotonic fluid resuscitation with 1 or 2 L of crystalloid may be used. 
However, once evidence of significant hyperosmolarity is obtained, 
hypotonic replacement is safe, effective, and sensible.**° 

The arguments against the use of hypotonic solutions in HHS 
include the concems that there will be too rapid a fall in ECF os- 
molarity,” that isotonic solutions are already hypotonic with re- 
spect to the hyperosmolar fluid compartment of the patient, and 
that isotonic saline provides a better means of maintaining ade- 
quate ECF volume. While isotonic saline initially lowers the osmo- 
larity, it provides more sodium and chloride relative to water than 
the hypertonic patient needs. As the water freed from the osmotic 
hold of glucose pours into the hyperosmolar intracellular space, the 
osmotically active particles of glucose are replaced by equally 
osmotically active sodium, with resultant prolongation of the hy- 
perosmolar state and development of hypernatremia, which carries 
a 42% mortality rate,° considerably greater than the mortality asso- 
ciated with hyperglycemic hyperosmolarity of comparable severity. 
While early efforts at treatment and fluid replacement continue, the 
hyperglycemic hyperosmolar diabetic is still undergoing a massive 
osmotic diuresis that continually removes water in excess of elec- 
trolytes until the glucosuria is curbed. This adds to the body’s need 
for free water without electrolytes or osmoles."! 

Genuth” suggests that the increase in serum Na’ levels, some- 
times to 160-170 mEq/L, during therapy of HHS and the occa- 
sional persistence of hypernatremia in the 150-155-mEq/L range 
for days after correction of hyperglycemia in some patients is asso- 
ciated with an elevated serum creatinine, high ADH levels, and un- 
responsiveness to exogenous AVP, all of which suggest temporary 
nephrogenic diabetes insipidus. In these patients provision of addi- 
tional free water in the form of hypotonic solutions may be essen- 
lial to correct the elevated Na*. Of course, D5W with sufficient in- 
sulin to maintain glucose metabolism will provide the necessary 
free water. 

If isotonic replacement solutions are used initially, frequent 
monitoring of serum concentrations of sodium and chloride are es- 
sential to avoid replacing hyperglycemia with hypernatremia and 
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iatrogenic hyperchloremia. If hypotonic solutions are delaye 
later in treatment, by the time they are administered the intr: 
lar space may no longer be as hyperosmolar as it was initial] 
it will no longer provide a sink for any excess infused 
paving the way for circulatory overload. Early in the therapy 
hyperosmolar dehydrated patient, the hypertonic intrace 
space, which is huge in comparison to the ECF and intrava: 
space, acts like a sponge soaking up the fluid administered 
preventing volume overload. This capacity progressively d 
ishes with fluid repletion, so that attempts to “catch up” and re 
persistently elevated serum osmolarities late in the course of 
ment are hazardous. The first few hours of fluid replacemer 
key to rapidly replacing water and electrolyte losses in their pi 
proportion. 

The estimated total body water losses in HHS range bet 
100 and 200 mL/kg with an average of 150 mL/kg (Table 35-. 
must be emphasized that an aggressive volume replacement 
men must not be applied to the oliguric patient with renal fa 
and hyperglycemia. Several patients who developed pulmo 
edema during the treatment of HHS have been successfully n 
aged by infusion of distilled water into their central venous 
tems.” 

Electrolyte losses are a major component of the uncontro 
diabetic state. Sodium losses are 5-13 mEq/kg (average, 
mEq/kg); chloride losses are 3-7 mEq/kg (average, 5.0 mEq/l 
and potassium losses are 5-15 mEq/kg, with the average requ 
ment to fully replete potassium stores around 10 mEq/kg. The | 
of phosphorus is about 70-140 mg, Ca*~ 50-100 mEq, and Mg 
50-100 mEq. 

Phosphate is lost as a result of vomiting, anorexia, and the g 
cosuric osmotic diuresis which precedes HHS, while concur 
hypokalemia and hypomagnesemia impair renal phosphate rete 
tion. Initial serum phosphate levels may be elevated, but with fit 
and insulin therapy the serum levels fall even if phosphate de 
ciency is not present. Findings associated with hypophosphaterr 
include weakness, rhabdomyolysis, coma, convulsions, hypo1 
flexia, and hemolytic anemia. Symptoms of hypophosphatemia a 
never seen at serum levels above 2 mg/dL, and significant morbi 
ity is rare unless the level is persistently below 0.5 mg/dL. We roi 
tinely administer monobasic potassium phosphate unless a specif 
contraindication exists. While a beneficial effect from the routir 
use of phosphate in the uncontrolled diabetic has not been demoi 
strated, this was studied in acute DKA, where the mean nadir ¢ 
phosphate levels in those patients not given supplemental phos 
phate was only moderately hypophosphatemic.® In HHS, where th 
development of the full-blown syndrome occurs over a longer pe 
riod and is associated with a prolonged osmotic diuresis, phosphat 
stores may be more extensively depleted and warrant routine sup 
plementation.™ The most frequent cause of hypophosphatemia i: 
internal redistribution commonly seen during glucose administra. 
tion to nondiabetic hospitalized patients” resulting in increased in- 
sulin secretion, during recovery from uncontrolled diabetes, and 
during refeeding of malnourished patients. Intracellular redistribu- 
tion occurs due to the formation of phosphorylated glycolytic inter- 
mediates, and when superimposed on the losses already incurred in 
chronically poorly controlled diabetics or malnourished patients, 
significant falls in the serum phosphate routinely occur. Repletion 
may be important to restore normal metabolic pathways and to pre- 
vent the occasional case of symptomatic severe hypophos- 
phatemia. Since potassium and magnesium, the intracellular 
cations, do not readily enter the cell accompanied by chloride, an 
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alternative anion, phosphate, must be present to allow the timely 
restoration of the intracellular milieu.” Hypocalcemia, clinically 
manifested as tetany, may complicate the use of phosphate in 
DKA É We have never seen symptomatic tetany associated with 
phosphate administration and attribute this to routine use of mag- 
nesium replacement.” 

Calcium losses in the 50-100-mmol range are common, and 
after 12 hours of treatment serum calcium levels tend to be at the 
lower end of normal. If phosphate replacement is given without 
magnesium, one may expect more frequent symptomatic hypocal- 
cemia and the clinician must be alert to this possibility. Magnesium 
losses are common and tend to parallel those of potassium,” but 
with the exception of an occasional episode of tetany associated 
with phosphate infusion, no clinical reports of symptomatic mag- 
nesium deficiency in diabetic coma are available. Glycosuria is as- 
sociated with increased urinary losses of magnesium and low 
serum levels are found in decompensated diabetes after 12 hours of 
therapy. Symptoms ascribable to magnesium deficiency are prima- 
rily neurologic and include lethargy, weakness, mental changes, 
convulsions, stupor, and coma. Nausea, vomiting, and refractory 
cardiac arrhythmias may occur. The effects of magnesium and 
potassium deficiency are similar and may be impossible to differ- 
entiate. Indeed, potassium deficiency refractory to replacement 
therapy may be a result of a hypomagnesemic effect on the renal 
tubules, and hypocalcemia may also result from magnesium defi- 
ciency. We have noted the potential beneficial effects of Mg++ in 
prevention of thromboembolic events in the uncontrolled diabetic 
state. With recognition that the administration of Mg” ~ is safe, the 
evidence of its preventive effect on arrhythmias, possible platelet 
antiaggregation, and enhancement of K* retention, we currently 
routinely administer Mg** to all uncontrolled diabetics unless 
renal failure or hypermagnesemia is present (Table 35-2). 

Potassium losses in HHS occur due to the severe catabolic 
state and loss of intracellular water rich in potassium as part of the 
osmotic diuresis. Hypomagnesemia may worsen the potassium 
losses. The losses in HHS exceed those in DKA and, without re- 
placement therapy, hypokalemia will be seen in most patients after 
4-12 hours of treatment. The symptoms of hypokalemia are well 
known and include neuromuscular weakness, ileus, ECG abnor- 
malities, cardiac conduction system defects, and rhabdomyolysis. 
Fatal hypokalemia is associated with cardiac arrest and respiratory 
paralysis. As treatment of uncontrolled diabetes continues, urinary 
potassium losses and those from nasogastric suction, especially if 
magnesium deficiency is present, may approach 50% of the 
amount being administered. 

The objective of potassium replacement is to maintain 
normokalemia. The huge body deficits cannot and should not be re- 
placed acutely. Total body deficits require days to weeks to com- 
pletely correct. Even in the presence of renal insufficiency, early 
potassium replacement may be indicated, because with the excep- 
tion of the urinary losses, all of the other factors that drive the 
serum potassium down in the treated diabetic are present. Caution 
must be exercised in patients with diabetic nephropathy, who may 
have renal tubular acidosis associated with hypoaldosteronism and 
hyporeninemia. Here serum potassium concentrations may be ele- 
vated and rise further when potassium is administered. 

Potassium replacement begins in the first hour if urinary output 
is adequate, the ECG shows no evidence of hyperkalemic changes, 
and the serum K* is less than 5.0 mEq/L (Table 35-2). Potassium is 
given as the acetate, phosphate, or a combination of these rather 
than as the chloride salt, to avoid administering excessive chloride. 


Sodium is lost due to the osmotic glucosuric diuresis and the 
absence of insulin essential for distal tubular sodium reabsorption. 
Since sodium losses are proportionally lower than water losses, the 
patient may present with hypernatremia. Since in the absence of in- 
sulin glucose is largely restricted to the extracellular space, an in- 
crease in its concentration causes water to flow out of the cells 
down an osmotic gradient into the ECF space, diluting the extracel- 
lular sodium. For each 100-mg/dL increment in plasma glucose 
above normal levels, the serum sodium concentration can be ex- 
pected to decrease by 1.6 mEq/L, based on the analysis by Katz.” 
Recently Hillier and colleagues*® demonstrated that the serum Na* 
will be decreased by 2.4 mEq/L for every 100-mg/dL increase in 
plasma glucose concentration. This correction factor brings the 
corrected Na* closer to the calculated Eosm than does the Katz 
correction, and its adoption is supported. Insulin has a direct anti- 
natriuretic effect on the kidney. Following treatment with crystal- 
loid solutions and insulin, significant edema (“insulin edema”) may 
develop. Occasionally, in patients with preexisting cardiovascular 
disease, frank congestive heart failure, pulmonary edema, or hyper- 
tension may be a consequence.° 

Because the rapid anabolism of glucose may cause thiamine 
deficiency (Wemicke’s encephalopathy, beriberi) in patients with 
borderline thiamine stores, thiamine (100 mg) should be routinely 
administered. The B vitamins are critical cofactors in many inter- 
mediate metabolic reactions, and the catabolic state associated with 
uncontrolled diabetes predisposes to deficiencies; thus intravenous 
administration of B-vitamin preparations is prudent and advocated. 
HHS typically develops over days to weeks, during which time the 
patient is catabolic and may demonstrate many of the features of 
protein-calorie undernutrition. When malnourished patients are 
first given nutritional support, they may develop what has been 
called the “refeeding syndrome.””” This term describes the seque- 
lae of rapid refeeding, and includes hypophosphatemia (with asso- 
ciated rhabdomyolysis, hemolysis, neurologic dysfunction, and 
muscle weakness), hypokalemia, hypomagnesemia (which may 
contribute more to the clinical syndrome than hypophosphatemia 
or hypokalemia), vitamin deficiency (especially thiamine), conges- 
tive heart failure, and benign refeeding edema (which may share 
pathogenetic features with insulin edema). This syndrome is well 
described in chronically malnourished patients (e.g., concentration 
camp victims), chronic alcoholics, and in anorexia nervosa, but 
also develops after as few as 7-10 days of hypermetabolic stress 
with inadequate nutritional support” (or its equivalent, the inabil- 
ity to anabolize nutrients). Uncontrolled diabetes, especially the 
hyperosmolar syndrome, and its subsequent treatment may be a 
common cause of the refeeding syndrome.” It may go unrecog- 
nized when only parts of the biochemical (e.g., hypokalemia, hy- 
pophosphatemia, hypomagnesemia) or clinical (e.g., insulin 
edema, muscle weakness) picture are present, but prophylaxis is 
prudent. A sample of potential pitfalls which may occur during 
treatment of HHS and an approach to their analysis are provided in 
Table 35-3. 


COMPLICATIONS 


Cerebral edema occurring in patients dying of otherwise uncompli- 
cated DKA is well described.“”“? Most of the patients with this 
syndrome are young and have DKA rather than HHS, which runs 
counter to expectations. This complication accounts for at least 
50% of DKA-associated deaths and over 30% of all deaths in dia- 
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TABLE 35-3. Potential Pitfalls During Therapy of Hyperglycemic Hyperosmolar Syndrome 


Problem 


1. Hypotension 


2. Worsening level of consciousness 


3. Seizures 


4. Tetany 


5. Muscle weakness (may be associated with 
respiratory failure) 


6. Cardiac/ECG abnormalities 


7. Persistent hyperglycemia 


8. Persistent hyperosmolarity 


Consider 


(a) Myocardial infarct, sepsis, bleeding 

(b) Internal redistribution of fluid as 
hyperglycemia is corrected 

(c) Total body fluid depletion due to osmotic 
diuresis with inadequate volume replacement 

(d) Ongoing osmotic diuresis 


(a) Meningitis, CVA, drugs, head trauma 

(b) Hypovolemia/hypoperfusion 

(c) Increasing Eosm (increasing SNa” ) 

(d) Cerebral edema (very rare in HHS) 

(e) Hypoglycemia 

(f) Wemicke’s encephalopathy (refeeding 
syndrome) 

(g) /Mg** 


(a) CVA, prior seizure disorder, withdrawal, 
drugs, etc. 

(b) Early in HHS (seen in ~ 19%) 

(c) Cerebral edema (very rare in HHS) 

(d) JP, JMg** 


(a) LCa**, Me** 
(b) P infusion (causing LCa” *, Mg**); rare 
when Mg" * is given routinely/proactively 


(a) LK*, UMg**. LP 
(b) Rhabdomyolysis (commonly asymptomatic) 


(a) Peaked precordial T waves, prolonged PR, 
Vfib: TK* 

(b) Ectopy, tachyarrhythmias, (+)U waves, flat 
T waves: /K* 

(c) Wide QRS: LK*, LCa** 

(d) Short QT: TCa** 

(e) Prolonged QT“: /Ca**, TMg** 

(f) Vtach: TMg** 

(g) Underlying heart disease (in presence of 
arrhythmias, CHF, etc.) 

(h) CVA (especially subarachnoid hemorrhage) 
with deeply inverted precordial T’s. 

(i) ST segment elevation; friction rubs 
(underlying pericarditis vs. severe dehydration) 


(a) Inadequate fluid infusion or oligunia 

(b) Renal failure (chronic or acute 
rhabdomyolysis) 

(c) Insulin resistance 


(a) Persistent hyperglycemia 

(b) Hypernatremia—unmasked as glucose falls 
or excess Na* in infused isotonic solutions or 
inadequate tree water replacement 

(c) Nephrogenic diabetes insipidus related to 
HHS (resistance to ADH) 


Approach 


(a) Std. work-up/specific therapy 
(b—d) Increase IV fluids 


(a) Std. work-up/specific therapy 
(b) Increase IV fluids 

(c) Give hypotonic fluids 

(d) Mannitol IV/steroids IV/Linsulin 
(e) Give glucose; reduce insulin 

(f) Thiamine/B-complex vitamins 


(g) Give Mg** 


(a) Std. work-up/specific therapy (avo 
diphenylhydantoin) 

(b) Insulin/hypotonic IV fluids 

(c) Mannitol I'V/steroids IV/Jinsulin 

(d) Replace P, Mg” 


(a) Replace Ca**, Mg” * 
(b) Stop P; replace Ca* */Mg** 
(c) Proactive Mg*~* replacement 


(a) Replace K*, Mg**, P 

(b) Obtain creatine kinase (CK); if CK > 
watch for ATN/renal failure and mair 
high urine output 

(c) Respiratory failure may require mech 
ventilation 


(a)-(f) Monitor ECG hourly, especially T 
Measure K*, Mg**, Ca**, correc 
necessary; routinely administer K * 
Mg** unless levels are very high 


(g) Std. work-up/specific therapy 
(h) Std. work-up/specific therapy 


(i) If due to severe dehydration, especially 1 
DKA, will rapidly resolve with fluid rep 


(a) Increase fluids—hypotonic 

(b) May need to reduce fluids and increase 
insulin 

(c) Double insulin dose hourly 


(a) See 7 above 
(b) Increase IV fluids: use hypotonic electro 
solutions 


(c) Maintain high-volume hypotonic fluid in 
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TABLE 35-3. Potential Pitfalls During Therapy of Hyperglycemic Hyperosmolar Syndrome (Continued) 


Problem 


9. Oliguria 


10. Edema 


11. Hyperchloremia 


12. Hypokalemia 


13. Hypophosphatemia 


14. Hypomagnesemia 


15. Anemia 


Consider 


(a) Renal vascular occlusion or urinary 
obstruction or papillary necrosis 
(b) Chronic renal failure (CRF) 


(c) Acute renal failure (ARF) 


(d) Hypovolemia: Internal fluid redistribution as 
hyperglycemia is corrected, inadequate 
volume replacement, ongoing osmotic 
diuresis, or a combination of these 

(e) Rhabdomyolysis (TTCK) 


(a) Underlying cardiac, hepatic, renal, or GI 
disease 

(b) Excess Na*/H,O administration (especially 
in elderly) 

(c) “Insulin edema” 


(a) Underlying renal disease; RTA 
(b) DKA with ketonuria resulting in Cl™ 
retention 


(c) Administration of excess Cl” in treatment 
(e.g., use of NaCl and KCI solutions) 


(a) Typical of catabolic state of uncontrolled 
diabetes and unmasked as anabolism begins 


(b) Insulin (and refeeding syndrome) 

(c) Ongoing catabolism, osmotic diuretic losses 
and, in DKA, as cation accompanying 
ketoacids in urine 

(d) Hypomagnesemia (refractory hypokalemia) 

(e) Exogenous diuretic therapy 

(f) Bicarbonate administration 


(a) Catabolic depletion 

(b) Internal redistribution (insulin/glucose) 

(c) As part of refeeding syndrome [see (a) & (b) 
above] 


(d) If severe, may cause hemolysis 


(a) Chronic catabolic deficiency state seen in 
>50% of poorly controlled diabetics 

(b) Osmotic diuretic loss 

(c) Internal redistribution (refeeding syndrome) 


(a) Preexistent; may become manifest after 
rehydration 
(b) Hemolysis: (1) G-6-PD deficiency, (2) LP 


(c) Bleeding; may see “coffee grounds” gastric 
contents in up to 25% of DKA/HHS 


Approach 
(a) Std. work-up/specific therapy 


(b) History; reduce IV fluids; use caution in 
volume replacement; Tdose of insulin 

(c) Std. work-up; if trial of increased volume 
infusion fails, treat as CRF (above) 

(d) Increase IV fluid replacement 


(e) Check K*, P, Mg** and correct; adjust 
IV fluid volume to attempt to sustain high 
urine output 


(a) History/std. work-up/specific therapy 
(b) Restrict Na* and/or H,O; diuretics 


(c) If asymptomatic, recognize, reassure, and 
observe; if symptomatic or severe, give 
diuretics and restrict Na* 


(a) History/std. work-up/specific therapy 

(b) Use physiologic (hypotonic if associated 
with HHS) electrolyte solutions; avoid use 
of NaCl and KCI 

(c) See (b) above. Use Plasmalyte, Isolyte, 
Normosol, lactated Ringer’s, etc.; for K* 
replacement use K acetate/K phosphate 


(a) Begin K* repletion at outset of therapy unless 
hyperkalemia, ECG changes, or renal failure 
present 

(b) Proactive and therapeutic K* replacement 

(c) Insulin plus K* 


(d) Replace K* plus Mg** 
(e) History; stop diuretic; replace K* 
(f) Stop HCO, ; replace K* 


(a)-(c) Give P; it is the necessary intracellular 
anion to enable K* and Mg** to cross 
cell membranes and enter cell during 
anabolism; Cl” does not cross cell 
membranes easily or facilitate 
translocation of K* and Mg** to cell 
interior 

(d) Administer P 


(a)-(c) Replace Mg**; it is a component of over 
300 critical enzyme systems and of all 
energy generating systems in the body 


(a) Std. work-up/specific therapy 


(b) (1) Primarily seen in African-Americans and 
persons of Mediterranean descent 
(2) Measure P and replace; usually not seen 
unless P is <0.5 mg/dL 

(c) Std. work-up/specific treatment; hemorrhagic 
gastritis resolves with treatment; may require 
NGT drainage 


Chapter 35 


HYPERGLYCEMIC HYPEROSMOLAR SYNDROME 


TABLE 35-3. Potential Pitfalls During Therapy of Hyperglycemic Hyperosmolar Syndrome (Continued) 


Problem 


16. Thrombotic events 


17. 


Respiratory distress 


. Hypoxemia 


Consider 


(a) Hyperviscosity, low flow. hypotension 


(b) Hypercoagulable state (seen in diabetes 
mellitus in general) not necessarily specific 
to HHS 


(a) Pneumonia, CHF 
(b) Renal failure 


(c) Pneumothorax (iatrogenic due to central lines) 
(d) Pneumomediastinum or pneumothorax 

in DKA 
(e) ARDS 


(f) Rhabdomyolysis 
(g) LP, LK*. JMg** 


(h) Pulmonary embolism 


(a) Pneumonia, pulmonary embolus, CHF 
(b) ARDS, especially with DKA 


(c) Pneumonthorax, spontaneous in DKA 


Approach 


(a) Rapid large-volume crystalloid infus 
pressors if necessary, Mg**; low-dc 
heparin prophylaxis 

(b) Consider anticoagulation as necessar 
appropriate, and safe 


(a) Std. work-up/specific therapy 

(b) History; reduce fluids if CRF and inci 
insulin; insulin may improve general 
circulatory and pulmonary fluid overl 
redistribution of fluid to intracellular 
compartments 

(c) CXR: specific therapy 

(d) CXR: specific therapy 


(e) Central monitoring to exclude CHF or 
latory overload; supportive therapy and 
ICU monitoring; prognosis poor 

(f) Check CK: supportive therapy 

(g) Monitor serum levels and replace as 
necessary 

(h) Std. work-up/specific therapy 


(a) Std. work-up/specific therapy 

(b) Poor prognosis: monitor with PCWP to 
differentiate from CHF; supportive care 

(c) CXR; specific therapy 


19. Hypothermia (a) Sepsis/infection 
(b) Hypoglycemia 


(c) DKA 
20. Abdominal pain 


(a) Acute surgical abdomen (e.g.. appendicitis, 


(a) Std. work-up/specific therapy 
(b) Monitor plasma glucose, administer gluc 
(c) Poor prognostic sign in DKA 


(a) Std. work-up/specific therapy 


pancreatitis, cholecystitis. mesenteric 


ischemia) 
(b) Fatty liver 


(c) DKA 


21. Hyperamylasemia/hyperlipasemia 
(b) DKA 


22. Leukocytosis (a) Sepsis 


(b) DKA 


betic patients under 20 years of age.” Asymptomatic cerebral 
edema and arterial hypoxemia have been reported in a number of 
young adults with DKA during routine therapy,” and subclinical 
brain swelling detected by CT occurs in children during the treat- 
ment of DKA.“ Most adults*“* and probably children** develop 
subclinical or “benign” cerebral edema® during standard therapy 
for DKA. The majority of young patients with DKA have brain 
edema by CT scan on presentation prior to the initiation of any 
therapy.'* Most of these patients were not significantly hyperosmo- 
lar and none received hypotonic intravenous fluids, thus arguing 
against the osmotic gradient theory of the pathogenesis of cerebral 
edema. The overwhelming majority of diabetics who develop overt 
cerebral edema are young adults or children with DKA. The same 
is true of the rare patient with HHS who develops fatal cerebral 
edema. Indeed, only one such adult has been documented.” The 


(a) Pancreatitis, bowel infarction 


(b) Monitor LFTs: hydration plus insulin usui 
resolves this problem 

(c) Especially in children may mimic acute 
surgical abdominal condition; rapidly 
tesponds to hydration and insulin 


(a) Std. work-up/specific therapy 
(b) Responds to hydration/insulin 


(a) Std. work-up/specific therapy 
(b) Resolves with hydration/insulin 


cerebral atrophy that accompanies the aging process may allo 
cerebral edema in the elderly diabetic to remain clinically silent t 
accommodating excess cerebral water without significant damage 

An increasing number of pediatric patients are being encour 
tered with HHS. Rother and Schwenk** identified 22 reporte 
cases in infants and children between the ages of 6 weeks and 1: 
years. Most pediatricians treating patients with DKA recommen 
following the “corrected” sodium concentration as a guide to thi 
speed of correction and the tonicity of the fluids used. 

As many as 4000 persons die annually in the United States 
from DKA and HHS, whereas fatal cerebral edema is virtually 
unseen. It therefore becomes indefensible to base therapeutic rec- 
ommendations on the prevention of this rarely encountered com- 
plication in light of the potential dire consequences of undertreat- 
ment, especially since no one has ever demonstrated that slower 
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correction of hyperosmolar hyperglycemia produces the desired 
benefit. Many more patients die because of undertreatment than 
from overtreatment of uncontrolled diabetes. Thus any recom- 
mendation that would reduce the rate of correction of hyper- 
glycemia risks increasing the mortality rate and should be viewed 
with alarm. 

Other complications seen in HHS include thromboembolic 
events and possible disseminated intravascular coagulation, pul- 
monary aspiration of gastric contents in the presence of gastric sta- 
sis and obtundation, and the remarkably rare occurrence of renal 
failure and rhabdomyolysis. 

Creatine kinase elevations of greater than 1000 IU/L have been 
described in over 25% of patients with HHS in the absence of 
stroke, myocardial infarction, or end-stage renal disease. Thus 
subclinical rhabdomyolysis is not uncommon in HHS, but clinical 
manifestations are mild or absent.*° The reason that acute tubular 
necrosis (ATN) and acute renal failure are uncommon despite the 
frequency of rhabdomyolysis, at times with very high CK levels, 
may be attributable to the high-volume osmotic diuresis that is the 
pathogenetic hallmark of HHS. Nevertheless, the presence of a CK 
greater than 1000 IU/L is associated with an increased mortality 
rate in HHS.” 

Pancreatitis’ is said to be a complication as well as an etiology 
of the hyperosmolar state. It has been suggested that hyperosmolar- 
ity may reduce blood flow to the pancreas, resulting in pancreatitis 
that becomes evident several days after admission. However, ab- 
dominal pain, leukocytosis, gastric stasis, vomiting, and an ele- 
vated amylase may all be secondary to uncontrolled diabetes, and 
renal impairment may also elevate the amylase. If such an entity 
does occur, it may be related to the vascular occlusions seen in 
some series?!” or to the occasional marked hypertriglyceridemia 
seen in this setting. In this regard, marked hyperlipasemia with hy- 
peramylasemia has uncommonly been reported*! in several hyper- 
glycemic (> 1000 mg/dL) hyperosmolar ketoacidotic patients, both 
with and without abdominal findings and without ultrasound and 
CT evidence of any pancreatic abnormality. Further, in these pa- 
tients hyperamylasemia and hyperlipasemia were prolonged well 
after clinical recovery from HHS. 


PROGNOSIS 


The best prognostic indicator in uncontrolled diabetes is the age of 
the patient. Based on two large series of HHS,” advanced age, a 
higher BUN, and a higher Na* concentration are predictors of a 
poor outcome. In these series the mortality for HHS was 10-17%. 

The availability of someone who is knowledgeable about the 
problems presented by the uncontrolled diabetic and facile in di- 
recting therapy is an essential element in improving the outcome of 
this metabolic emergency. 


PREVENTION 


Improvement in the outcome of this potential metabolic disaster re- 
quires an effective preventive strategy. Patients with HHS are eld- 
erly, have type 2 diabetes, and often live alone,° and social isolation 
is a precipitant in 25-30% of episodes. The availability of a knowl- 
edgeable significant other (friend, neighbor, or family member) 
who maintains daily contact with the elderly diabetic is essential.” 
They should be educated to recognize alterations in the patient’s 


mental status and symptoms of loss of diabetic control, and to 
promptly report these to the physician. Public education about the 
presenting symptoms of diabetes will help reduce the one-quarter 
to one-third of patients who have HHS at presentation. 

Residence in nursing homes predisposes to HHS," and nursing 
home residents are prone to develop dehydration and hyperosmo- 
larity, so education of nursing home staff members in prevention 
and detection of this syndrome is essential. Prompt recognition and 
treatment of infections and the use of Pheumovax™ and annual in- 
fluenza immunizations are important preventive measures in the 
elderly diabetic. 

Providers should take into account the potential for medica- 
tions prescribed for the elderly to cause or worsen glucose intoler- 
ance; aggressively apply home blood glucose monitoring in elderly 
diabetics; intensify efforts to improve blood glucose control; and 
reinforce education of patients and families regarding compliance 
with diet and hypoglycemic agents. 
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CHAPTER 36 


Host Defense and Infections in Diabetes Mellitus 


Brian P. Currie 
Joan |. Casey 


GENERAL PROBLEM OF INFECTION 
IN DIABETIC PATIENTS 


Literature reviews examining the association of infections with di- 
abetes mellitus are often difficult to interpret and fraught with 
contradictions. A major contributory factor is that diabetes melli- 
tus is a heterogeneous disease and so study populations need to 
be carefully identified in order to allow comparisons between 
studies (e.g., type 1 versus type 2 diabetes, well-controlled dis- 
ease versus poorly controlled disease). In addition, diabetes mel- 
litus is a relatively common disease, and as a consequence, anec- 
dotal reports of various infections in diabetic patients can lead 
to spurious associations. Nonetheless, it is well established that 
certain infections occur almost exclusively in diabetic patients 
and that diabetic patients have a worse prognosis than nondia- 
betic patients after acquiring certain infections, such as acute 
pyelonephritis complicated by papillary necrosis or emphysema- 
tous pyelonephritis." 

The morbidity and mortality associated with infectious dis- 
eases in diabetic patients are obvious in a study of patients ad- 
mitted to an intensive care unit with diabetic ketoacidosis. Of the 
episodes of ketoacidosis, 28% were caused by infections. The 
mortality for the whole group was 6%, but in 43% of the pa- 
tients who died, infection was considered the cause of death.’ In- 
fection was considered the precipitating cause of ketoacidosis in 
77% of patients admitted to hospitals in Dallas, Texas.’ While it 
is generally believed that diabetic patients with poor metabolic 
control have an increased susceptibility to infections, the previ- 
ously mentioned studies indicate that in many cases the poor 
metabolic control may be the result of the infection, rather than 
the cause. 

While antibiotics may be secondary only to insulin in increas- 
ing the life span of the diabetic patient, infection cannot be dis- 
counted now or in the foreseeable future as a major cause of mor- 
bidity and mortality among patients with diabetes. A knowledge of 
the normal host defense mechanisms and of those that are abnor- 
mal in the diabetic individual may be helpful in understanding the 
unusual predilection for certain infectious diseases among diabetic 
patients. 


NORMAL HOST DEFENSE MECHANISMS 
Skin 


Normal skin is impenetrable to most bacteria, and infection rarely 
occurs unless the skin is damaged. The normal bacterial flora of the 
skin maintain an environment that is hostile to most pathogenic 
bacteria. The nerve supply of the skin is important in maintaining 
the integrity of the mechanical barrier by warning of potential in- 
jury from prolonged pressure or penetration by foreign bodies. 


Blood Supply 


Maintenance of normal nutrition and oxygen tension to tissues, as 
well as delivery of the humoral and cellular components of the im- 
mune system, is dependent on an adequate blood supply. 


Humoral Immunity 


The two major components of humoral immunity are antibodies 
and the complement system. Antibodies may neutralize the effect 
of bacteria, bacterial toxins, or viral capsids by combining with the 
organisms and preventing their attachment to cell surfaces. Other 
antibodies act by agglutinating organisms, thereby increasing 
clearance by the reticuloendothelial system, or by lysing bacteria. 
Opsonins, antibodies that may be specific or nonspecific, coat bac- 
teria and enhance phagocytosis. Most of these reactions require or 
are enhanced by the action of complement, through either the clas- 
sic or the alternate (properdin) pathway. 


Phagocytic Function 


This component of the immune response is mainly related to poly- 
morphonuclear cells and macrophages. The latter cells are either 
wandering (alveolar, peritoneal, and skin macrophages and tissue 
histiocytes) or fixed to vascular endothelium in the liver, spleen, 
and lymph nodes. Various functions of phagocytes have been rec- 
ognized, including random migration, chemotaxis and attachment, 
ingestion, and intracellular killing of bacteria. After ingestion of 
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bacteria by phagocytic cells, a vigorous burst of oxidative metabo- 
lism leads to the production of hydrogen peroxide, which combines 
with myeloperoxidase and halogen (iodide or chloride). This re- 
sults in rapid killing of most pathogenic bacteria. 


Lymphocytes 


There is considerable information about the types and functions of 
lymphocytes and the substances elaborated by these cells when ex- 
posed to antigens or mitogens. There are at least three types of lym- 
phocytes now recognized. These are the thymus-derived or T lym- 
phocytes, the bone marrow-derived or B lymphocytes, and the 
non-B, non-T lymphocytes. The B cells can transform into 
antibody-secreting or plasma cells, whereas the T cells are re- 
garded as the cells responsible for cell-mediated defense against 
viruses, fungi, and mycobacteria. T cells may help or suppress the 
immune functions of other cells such as the B lymphocytes, usually 
by the production of lymphokines. 


ABNORMALITIES OF HOST DEFENSE 
IN DIABETES MELLITUS 


Skin 


Although the level of glucose in skin is directly related to that of 
the blood, there is no evidence that diabetic patients with skin in- 
fection have particularly high ratios of skin to blood glucose." 
Nasal and skin flora of diabetic patients have been studied fre- 
quently with varying results. Smith and coworkers' found that 53% 
of type 1 diabetic adults were nasal carriers of Staphylococcus au- 
reus compared with 34% of nondiabetic adults and 35% of type 2 
diabetic adults. Of diabetic children, 76% were nasal carriers com- 
pared with 44% of nondiabetic children. Tuzaon and associates 
also found a high rate of skin carriage of S. aureus in type 1 dia- 
betic patients.' In contrast, Somerville and Lancaster-Smith did not 
find a high carriage rate for S. aureus in diabetic patients, but they 
unfortunately did not include nondiabetic controls.° Peripheral 
neuropathy in diabetic patients can permit undetected disruption of 
the dermal barrier, which can serve as a portal of entry for 
pathogens. This decreased sense of touch prevents warning of po- 
tential injury from prolonged pressure or penetration injuries. In 
addition, once dermal barrier disruption occurs and infection is es- 
tablished, this decreased sense of touch contributes to delayed 
recognition and treatment (Table 36-1). 


TABLE 36-1. Relationship of Host Defense Deficit to Disease 


Syndrome in Diabetic Patients 
Host Defense Deficit Disease Syndrome 


Skin integrity Erythrasma, cellulitis 


Neuropathy Infections secondary to trauma and ulceration; 
bladder infections 
Blood supply Peripheral vascular disease with ulcers. 


gangrene, and synergistic infections: invasion 
of vessels with bacteria and fungi resulting in 
malignant otitis or mucormycosis; possibility 
periodontal disease 

Possibly bacterial infections due to 
Pseudomonas and group B Streptococcus 


Humoral immunity 


Blood Supply 


Vascular problems in diabetic patients, secondary to both the mi- 
croangiopathy of diabetes and the accelerated course of atheroscle- 
rosis in these patients, may predispose them to infection by dis- 
rupting normal nutrient and oxygen delivery, as well as disrupting 
normal immune function. 

Recent evidence presented by Williamson and colleagues’ sug- 
gests that the hyperglycemia seen in poorly controlled diabetic sub- 
jects may result in an increased tissue cytosolic ratio of free 
NADH/NAD! (in spite of normal O, tensions) that mimics the ef- 
fects of true hypoxia on vascular and neural function. Termed 
pseudohypoxia, the phenomenon is thought to play an important 
role in the pathogenesis of diabetic complications via a branching 
cascade of metabolic imbalances that can inflict injury on vascular 
tissue. Decreased adherence of polymorphonuclear cells and de- 
creased diapedesis have been described in diabetic subjects, and 
there is evidence that this activity is a function of blood vessel en- 
dothelial cells, as well as of the polymorphonuclear cell itself.’ 
This oxidative stress contributes to disruption of normal vascular 
function and its potential impact on immune function. 

In addition, poor metabolic contro] may result in increased 
vascular permeability, leading to increased diffusion of nutrients 
and edema formation.’ This provides an ideal milieu for prolifera- 
tion of organisms, particularly streptococci. 

Finally, a reduction in blood supply can translate into a reduc- 
tion in delivery of antibiotics when treating established infections 
in diabetic patients. This could theoretically result in decreased ef- 
ficacy and treatment failure. Seabrook and associates” studied 16 
diabetic patients receiving antibiotic and surgical therapy for foot 
infections and documented that the antibiotics administered in 9 
patients provided no effective therapy against infection because of 
subtherapeutic tissue levels of antibiotic. Furthermore, adequate 
serum antibiotic levels did not guarantee therapeutic tissue antibi- 
otic levels when tissue was sampled from postoperative viable tis- 
sue margins in these patients. 


Humoral Immunity 


Antibody production after exposure to a variety of bacterial anti- 
gens has been studied in diabetic patients. Decreased agglutinating 
antibodies to Salmonella typhi,'' Escherichia coli, >! and S. au- 
reus'* and decreased antitoxin antibodies to S. aureus'* and 
Corynebacterium diphtheriae” have been reported in diabetics rel- 
ative to nondiabetic persons. However, other studies, including 
those using pneumococcal polysaccharide, have shown that dia- 
betic patients respond well to vaccines. Beam and coworkers" 
studied 40 type 1 diabetic patients and [0 nondiabetic controls. 
They found that diabetic patients responded as quickly and as well 
as the controls. There was no correlation between antibody re- 
sponse and age, mean glucose concentration, or duration of dia- 
betes. 

Conflicting results have been reported when the bactericidal 
capacity of diabetic blood has been studied. Richardson'' found 
defects in the killing of many bacterial pathogens, but Balch and 
colleagues’? found no significant deficiency. The opsonic capacity 
of diabetic blood was also found to be impaired by Richardson. "' 

Baker and associates'® studied opsonization of group B strep- 
tococci in neonates, type 1 diabetic patients, and healthy adults 
using type II group B streptococci. They found that inefficient bac- 
tericidal activity occurred among neonatal and diabetic sera com- 
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TABLE 36-2. Summary of Potential Leukocyte Dysfunction 
Reported Among Diabetic Patients 


4 Leukocytosis 

| Chemotaxis 

| Phagocytosis 

4 Intracellular killing 

| Metabolic burst 

J Antibody function/opsonization 
4 Chemotactic factor 

J Lymphokines 


Neutrophils 


Lymphocytes 


pared to normal sera. Only 6 of 15 diabetic patients had sera with 
efficient bactericidal activity for type II group B streptococci. 
While bactericidal activity was not dependent on the level of anti- 
body, type-specific antibody did have the capacity to correct certain 
opsonophagocytic deficiencies. 

The majority of studies of serum complement in diabetic pa- 
tients have found normal or elevated levels so that impaired op- 
sonic capacity of the blood is not necessarily related to deficient 
complement levels.''!* 


Phagocytic Function 


Although opsonization was considered under humoral immunity, 
one should keep in mind that phagocytosis of bacteria cannot occur 
in the absence of opsonization except in unusual circumstances. In- 
deed, many of the problems in interpreting the inconsistent data re- 
lating to phagocytic function in diabetic patients may be due to the 
fact that there are so many separate steps in this process. 

To begin with, random migration of leukocytes, which is prob- 
ably the first step in the process of phagocytosis, has been reported 
to be abnormal in type 1 diabetic persons Table 36-2).'’ The ability 
of polymorphonuclear cells and macrophages to get to an area of 
infection also depends on their ability to adhere to and migrate 
through the endothelium of the capillary walls. As noted previ- 
ously, this diapedesis of phagocytic cells could be dependent in 
part on the vessel wall. Migration and chemotaxis of cells have 
been tested by using the Rebuck skin window, and two studies have 
indicated a significant delay in response to skin abrasion in diabetic 
patients who were ketoacidotic. In the study of Perillie and 
coworkers, the defect was corrected in three of four patients by cor- 
rection of the acidosis.'* Brayton and colleagues tested both ke- 
toacidotic and nonketotic patients and found impaired responses in 
both groups.'? Bagdade and associates tested the adherence of 
polymorphonuclear cells from ten diabetic patients to nylon fiber 
columns and found it to be only 53% of normal. By lowering blood 
glucose levels of the patients, the defect was partly, but not fully 
corrected.” More recently, Anderson and associates” examined 
neutrophil adherence to bovine aortic endothelial cells in 26 dia- 
betic patients compared to age- and sex-matched healthy controls 
and found that a subset of 16 diabetic patients demonstrated highly 
significant decreases in basal adhesion. This study also indicated 
that an adherence-augmenting factor in diabetic plasma increased 
adherence of both diabetic and control neutrophils in the basal 
state. The adhesive effects of the factor were mediated through al- 
terations in endothelium rather than neutrophils. Chemotaxis of 
polymorphonuclear cells from diabetic and nondiabetic subjects 
was studied by Donovan and coworkers?" using time-lapse mi- 
crocinematography and video techniques, which revealed that dia- 
betic cells move at normal rates. These authors collected cells for 
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these experiments by means of their adherence to glass coverslips. 
Since diabetic cells have poor adherence properties, this method of 
collecting cells could have resulted in the loss of those cells with 
poor chemotactic properties as well. There may be a mixed popula- 
tion of polymorphonuclear cells, some of which have normal ad- 
herence and chemotactic properties and others that do not. Other in 
vitro studies have been reported in which delayed chemotaxis was 
noted in both type 2” and type | diabetic patients, 72 In these 
studies, polymorphonuclear cells showed significantly decreased 
chemotaxis, and sera from diabetic patients were found to be defi- 
cient in chemotactic activity. These defects were unrelated to blood 
glucose levels, and although addition of insulin and glucose re- 
sulted in in vitro correction of the defect in two of the studies, 
chemotaxis was not improved in children given insulin.” Molenaar 
and colleagues also found that chemotactic activity was signifi- 
cantly lower in polymorphonuclear cells of first-degree relatives of 
patients with type 1 diabetes mellitus when compared with other 
nondiabetic subjects.” McMullen and coworkers”* found a posi- 
tive correlation between a family history of diabetes and neutrophil 
chemotactic defects in 13 of 24 prediabetic subjects. These data 
suggest that the abnormality in chemotaxis may be intrinsic to the 
polymorphonuclear cell and possibly to the genetic makeup of the 
diabetic person. 

Defects in phagocyte engulfment and intracellular killing of 
bacteria have been reported by several authors. In studies in which 
S aureus was used, ingestion of organisms was found to be normal 
in the diabetic patients, except for those with ketoacidosis.” Tan 
and associates’ demonstrated impaired phagocytosis in 11 of 31, 
an intracellular killing defect in 3 of 31, and a combined defect in 3 
of 31 diabetic patients using a S aureus challenge. There was no re- 
lationship between blood glucose levels and defects noted. Nolan 
and coworkers” found impaired engulfment and intracellular 
killing of S aureus among diabetic patients. Data from these latter 
studies suggest that improved control of blood glucose levels im- 
proves resistance to bacterial infections. Repine and colleagues™* 
demonstrated that neutrophils from infected nondiabetic patients 
have an increased capacity to kill $ aureus when compared to non- 
infected nondiabetic persons. Neutrophils from infected diabetic 
patients, however, failed to show this enhanced bactericidal capac- 
ity. This defect was seen in well controlled as well as in poorly con- 
trolled diabetic patients. They also noted that neutrophils from 
poorly controlled uninfected diabetic patients did not kill S aureus 
as well as those from well-controlled diabetic patients or nondia- 
betic persons. Impairment of ingestion of Streptococcus pneumo- 
niae has also been reported, and this defect was partially corrected 
by improved metabolic control of the diabetes.” In a later study, 
Bagdade and associates” suggested that the defect was related to 
serum factors, because it was partially corrected by serum from 
normal controls, whereas the diabetic serum caused impairment of 
phagocytic function in cells from nondiabetic controls. Crosby and 
Allison*? were unable to demonstrate any impairment of ingestion 
of S. pneumoniae in diabetic patients who were not ketoacidotic. 


Lymphocytes 


Cell-mediated immunity, as measured by blast transformation of 
peripheral blood lymphocytes, has been measured in diabetic pa- 
tients. When the mitogen phytohemagglutinin was used, the re- 
sponse of diabetic patients in good metabolic control was normal, 
whereas that of hyperglycemic patients was depressed.??7 ! Im- 
paired metabolism of glucose through the direct oxidative pathway 
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has been noted in lymphocytes from diabetic patients. The lympho- 
cyte response to Candida antigen was reported to be normal in dia- 
betic subjects;*? however, Plouffe and coworkers” found positive 
skin test reactions to Candida antigen in only 44% of diabetic pa- 
tients compared to 88% of nondiabetic subjects. These authors also 
found the lymphocyte response to streptokinase-streptodormnase to 
be impaired in diabetic subjects with poor glucose control and 
noted that this defect normalized with institution of metabolic con- 
trol. When staphylococcal antigen was used in the blast transfor- 
mation assay, the response of lymphocytes from both type | and 
type 2 diabetic subjects was less than that of nondiabetic subjects. 
This impaired response to staphylococcal antigen appeared to be 
unrelated to serum factors or metabolic control.**”* Studies in 
streptozocin-induced and mutant diabetic animals demonstrate im- 
pairment of cell-mediated immunity by measurements of granu- 
loma formation, intracellular killing of Listeria monocytogenes, 
and footpad swelling, all of which were less than normal in the di- 
abetic animals.” 


Summary 


Although the data are contradictory and inconclusive, there is 
strong evidence suggesting multiple immune defects in subsets of 
diabetic patients. As noted, much of the confusion is related to the 
fact that diabetes mellitus is a heterogeneous disease and that study 
populations have been poorly defined. The strongest evidence re- 
garding an immune defect in diabetic patients is related to abnor- 
malities of neutrophil function in patients with poor metabolic con- 
trol (ketoacidosis or hyperglycemia). Studies using in vitro systems 
have documented impaired chemotactic responses and phagocytic 
activity of neutrophils in these subsets of diabetic patients. How- 
ever, even among these patients the mechanisms of the defects have 
not been identified, and the clinical significance of impaired neu- 
trophil function remains to be determined. 

In addition, it has become clear that there is a complex interac- 
tion between polymorphonuclear cells, endothelial cells, and 
serum factors that contro! neutrophil function. Lack of control for 
these factors can also explain contradictory results. 


SERIOUS INFECTIONS CAUSING MORBIDITY 
AND MORTALITY IN DIABETES MELLITUS 


Although the entire immune system is probably alerted to defense 
against microbial invasion, certain defects may be more directly as- 
sociated with certain types of infections. Some of the infections to 
which diabetic patients seem particularly vulnerable may well be 
related to some or all of the previously described defects, whereas 
others are still unexplained. 


Skin and Soft Tissue Infections 


Whether or not staphylococcal infections of the skin are more com- 
mon in diabetic than nondiabetic persons is a controversy that has 
never been resolved. The increased skin and nasal carriage that is 
described in diabetic persons could lead to increased susceptibility 
to infection. Farrer and MacLeod™ found staphylococcal infec- 
tions to be twice as common among diabetic than nondiabetic pa- 
tients who had other severe debilitating diseases. They also found 
more diabetic than nondiabetic patients among people admitted to 
hospitals with severe staphylococcal infections. A paper by 


Williams” is frequently quoted as proof that skin infections caused 
by S aureus are not more common among diabetic than nondiabetic 
persons. In that paper, he describes 8 of 330 diabetic patients with 
boils and carbuncles and 166 nondiabetics with similar infections 
among 26,879 patients without diabetes. These data do not seem to 
justify the conclusion that staphylococcal skin infections occur no 
more frequently in diabetic than nondiabetic persons. 

Candidal skin infections commonly occur in moist, warm areas 
around the breasts, thighs, and genitalia. This is especially com- 
mon in diabetic patients who are overweight or who have been on 
antibiotics. These infections can cause extreme discomfort to the 
patient, and the resultant breakdown of skin may allow entry of 
Candida itself or more virulent organisms. 

Diabetic foot infections account for at least one-quarter of all 
diabetic hospital admissions and are the most common cause of 
partial or complete foot amputations.“” Most of these infections 
probably begin with soft tissue injury, which is unrecognized, sec- 
ondary to peripheral neuropathy. Subsequent tissue edema, inflam- 
mation, and necrosis disrupt the dermal barrier and allow a portal 
of entry for infection. Concomitant peripheral vascular disease 
contributes to reduced healing and the onset of chronic infections. 
The resulting infected diabetic foot ulcer frequently involves 
deeper tissues, and a chronic underlying osteomyelitis can be es- 
tablished. The infections are characteristically polymicrobial and 
include aerobic gram-positive or gram-negative organisms coupled 
with microaerophilic and anaerobic organisms. Peptostreptococci 
can be recovered from 32-80% of diabetic foot ulcers, and P mag- 
nus is the most commonly isolated species.*! Krepel and cowork- 
ers?! demonstrated that 94% of P magnus isolated from diabetic 
foot ulcers produced collagenase, as opposed to 18% of isolates 
from intra-abdominal infections, and suggested that collagenase 
production from P magnus may be a significant pathogenic factor 
contributing to the establishment of infected diabetic foot ulcers. 

Serious and often life-threatening infections of the skin and 
underlying tissues can occur when aerobic gram-positive (e.g., S 
aureus or streptococci) or gram-negative (e.g., Enterobacteriaceae 
or Pseudomonas) microorganisms act synergistically with mi- 
croaerophilic or anaerobic gram-positive (e.g., peptococci or pep- 
tostreptococci) or gram-negative (eg, Bactervides) microorganisms 
to produce necrotizing infections of the skin or underlying soft tis- 
sues. This syndrome is probably related to the neuropathy and pe- 
ripheral vascular disease that allows minor infections to become 
established; the aerobic organisms consume the already compro- 
mised oxygen supply and allow anaerobic organisms to thrive. In 
this situation, the disease is frequently persistent and destructive. 
The initial presentation may range from that of an indolent ulcer to 
a fulminant infection, causing marked systemic toxicity and death. 

Stone and Martin described 63 patients with necrotizing cel- 
lulitis of whom 47 were diabetic.*? The mortality rate was 85% for 
diabetic patients and 44% for nondiabetics. These patients pre- 
sented with high fever, toxicity, and skin ulcers draining thin 
serosanguineous pus. Variable amounts of skin necrosis were 
noted, but gangrene was not necessarily extensive. Exquisite local 
tenderness inconsistent with the amount of skin involvement is 
characteristic. Subcutaneous gas may or may not be present. Infec- 
tion of muscle and fascia is common, and necrosis of skin occurs as 
the underlying vessels become thrombosed. 

These infections may begin in the perianal or pelvic regions, 
where anaerobic organisms are common, or in the extremities, 
where the vascular supply is compromised. Deep fascial planes of 
the neck may be infected from infected teeth or tonsils. The study 
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of Bessman and associates of polymicrobial abscesses in diabetic 
and nondiabetic mice demonstrated that these abscesses persisted 
for longer periods in diabetic mice. Of added importance was 
their finding that enterococci were more synergistic for the growth 
of B, fragilis than of E, coli. In mixed infections, enterococci are 
sometimes regarded as nuisances rather than true pathogens, but 
this study clearly indicated that this is not the case. A variant of this 
disease, in which the synergistic organisms are usually all aerobes, 
has been called necrotizing fasciitis by some authors. This may 
lead to confusion because extensive involvement of skin, subcuta- 
neous tissues, and deep fascia can occur in both syndromes and 
some authors use the terms interchangeably. + * 

Bessman and Wagner described 48 diabetic patients with non- 
clostridial gas gangrene of the lower extremities.*° Of the 83 or- 
ganisms cultured from these patients, only three were anaerobic. 
Nonclostridial gas gangrene is much more common in the diabetic 
than is clostridial gas infection. It is important to make the distinc- 
tion because the organisms are very different in their antibiotic 
sensitivities. Clostridium perfringens is sensitive to penicillin, 
whereas the anaerobes such as Bacteroides usually require metron- 
idazole, clindamycin, cefoxitin, or possibly ticarcillin/clarulinic 
acid or imipenem. The Enterobacteriaceae may be sensitive to a va- 
riety of antibiotics such as aminoglycosides, third-generation 
cephalosporins, extended spectrum penicillins, or imipenem. Ex- 
tensive surgical debridement is usually necessary and should be 
done early in the course of these infections. 

Goodman and coworkers** described risk factors for complica- 
tions in 172 diabetic patients undergoing local operations for dia- 
betic gangrene. Increased severity of infection, as measured by 
temperature, total white cell count, and subcutaneous gas, was as- 
sociated with failure. During the 4.5 years of the study, improve- 
ment in outcome was achieved mainly with improvement in preop- 
erative management of infection. The authors suggest delay of 
surgical procedures until medical control of infection has occurred. 
However, it should be emphasized that medical control must be ac- 
complished as rapidly as possible, because extensive surgical de- 
bridement is usually necessary and should be done as early as pos- 
sible in the course of these infections. 

Infections of the hands, although not as common as those of 
the lower extremities, nevertheless require comment because of the 
serious nature of the problem. Again, possibly because of the neu- 
ropathy and poor vision, the diabetic patient may be unaware of the 
onset of infection in the hand. Of 20 diabetic patients admitted to 
the hospital with hand infections, 6 required amputation to control 
infection and 1 because of impaired function of the extremity. Only 
6 patients regained normal function. Most of these infections were 
synergistic.*” Skin and soft tissue infections of diabetic persons are 
frequently complicated by osteomyelitis of contiguous bones. 

Erythrasma is an unusual disease of the skin caused by 
Corynebacterium minutissimum (a gram-positive rod). In 19 pa- 
tients with extensive erythrasma, 9 were known to be diabetic and 
6 others had clinical evidence of diabetes.** As with many other in- 
fections to which the diabetic patient is predisposed, there is a 
predilection for this disease among alcoholic patients as well. 


Malignant Otitis Externa 


This disease is well named because associated mortality is over 
50%. Over 90% of cases have occurred in diabetic patients over 35 
years of age. Swimming and use of a hearing aid are additional pre- 
disposing factors. Pseudomonas aeruginosa is the usual infecting 


HOST DEFENSE AND INFECTIONS IN DIABETES MELLITUS 605 


agent and only rarely are other organisms involved. The presenting 
manifestations are those of chronic ear infection (i.e., pain and pu- 
tulent drainage). However, the presence of tenderness and swelling 
of the surrounding tissues, and in particular polyps or granulation 
tissue in the floor of the external canal strongly suggest this diag- 
nosis. The infection spreads via the clefts between cartilage and 
bone in the auditory canal to involve the deep soft tissues, parotid 
gland, the temporomandibular joint, the mastoid bone, and eventu- 
ally the cranial nerves. Infection can also spread outward to involve 
the entire pinna. P aeruginosa invades small vessels and produces 
an infectious vasculitis that compounds the microangiopathy of di- 
abetes and makes this infection particularly virulent. The earliest 
neurologic complication is facial nerve palsy, and in these patients 
mortality is highest. Diagnosis is often delayed for 6-8 weeks be- 
cause patients are misdiagnosed with noninvasive otitis externa. A 
high index of suspicion and early diagnosis are essential for suc- 
cessful treatment. Parenteral antibiotics (usually a beta-lactam with 
activity against Pseudomonas and an aminoglycoside), topical an- 
tipseudomonal ear drops, and surgical debridement are the main- 
stays of therapy. 


Mucormycosis 


This is another unusual but highly virulent infection that occurs 
most commonly in patients with diabetes, in particular those with 
ketoacidosis. The organism is the same ubiquitous gray-black mold 
as that found on bread and vegetables. The particular susceptibility 
of the diabetic for this infection may be related to the decreased 
leukocyte mobilization previously described and also noted by 
Sheldon and Bauer,” who infected diabetic rabbits with Rhizopus 
and Mucor species. Artis and colleagues*’ have shown that ketoaci- 
dotic sera from diabetic patients have poor iron-binding capacity. 
They suggest that the free iron enhances growth of Rhizopus 
oryzae and that this may be a mechanism for the increased suscep- 
tibility of ketotic diabetic subjects to this fungus. It is also note- 
worthy that this organism is capable of invading blood vessels, and 
the combination of factors found in diabetic hosts may explain why 
these patients are particularly vulnerable to this infection. 

The organism probably first colonizes the nose or paranasal si- 
nuses and spreads by direct extension to the orbit and surrounding 
tissues. Invasion of the cribriform plate and cranial cavity may 
occur rapidly. The clinical presentation is usually acute with peri- 
orbital pain, induration and discoloration of the lid, and bloody 
nasal discharge. Ischemic infarction of the lid and orbital contents 
may follow vessel invasion. Blindness and loss of sensation in the 
distribution of the ophthalmic division of the trigeminal nerve are 
diagnostic clues because these are unusual with other orbital infec- 
tions. Black necrotic tissue may be seen in the nose or posterior 
hard palate. The internal jugular vein or the cavernous sinus may 
become thrombosed, and chemosis, proptosis, and retinal hemor- 
rhage may occur. 

Although this disease resembles malignant otitis externa in 
that blood vessels are invaded and progressive infection occurs, 
extension to the meninges and brain is more common in mucormy- 
cosis. Rarely the presentation of this disease is chronic. Morbidity 
and mortality from this infection are very high, and therapy may 
have to be started on the basis of clinical findings even in the ab- 
sence of supporting laboratory evidence for mucormycosis. 
Biopsy of nasal turbinates or pharyngeal tissues must be done 
early for diagnostic purposes. Extensive surgical debridement is 
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necessary. Amphotericin is currently the only well-tested drug, and 
even with early and optimal therapy the disease is extensively dis- 
figuring. 


Oral Infections 


The problem of periodontal disease in diabetic patients has re- 
ceived significant attention in the dental literature. It was found that 
this disorder was more common and more severe in diabetic than 
nondiabetic patients. Associated factors were the age of the patient, 
the duration of diabetes, the occurrence of complications, and the 
severity of hyperglycemia. In a study of patients with rapidly pro- 
gressive periodontitis, 48% were found to have impaired leuko- 
taxis. This leukotactic defect was also noted in alloxan-diabetic 
rats, and Lavine and coworkers suggest that decreased chemotactic 
factors or the altered basement membrane of the capillaries could 
account for the diminished accumulation of leukocytes and the in- 
creased numbers of anaerobic organisms found in the gingival 
crevice of these animals.°! Manouchehr-Pour and associates” also 
demonstrated significantly reduced chemotactic responses of poly- 
morphonuclear cells from diabetic patients with severe periodontal 
disease relative to cells from diabetic and nondiabetic subjects with 
mild periodontal disease or nondiabetic patients with severe peri- 
odontal disease. 

Oral candidiasis is a well-recognized problem in diabetic pa- 
tients. Carriage rate and density of Candida albicans in the mouth 
were higher in the diabetic than nondiabetic patients in a study with 
50 persons in each group. Among the diabetic patients, no differ- 
ences could be detected that correlated with degree of control, 
method of treatment, duration of disease, or age of the patients. 
Smoking and continuous use of dentures were associated with an 
increased prevalence of Candida colonization.” 


Gastrointestinal Infections 


Telzak and coworkers™ recently investigated the largest nosoco- 
mial food-borne outbreak of Salmonella enteritides ever described 
in the United States and sought to determine host factors that in- 
creased the risk of infection after exposure to S enteritides in a case 
control study. Cases consisted of 75 patients with stool culture- 
confirmed salmonellosis randomly selected from 274 patients with 
culture-confirmed disease, and controls consisted of 80 randomly 
selected asymptomatic culture-negative patients. Investigation of 
multiple potential risk factors indicated that diabetes (defined as a 
patient treated with insulin or an oral hypoglycemic agent) was the 
only independent risk factor identified for developing infection 
after exposure to a Salmonella-contaminated meal (odds ratio = 
3.8, 95% confidence interval = 1.4, 10.5). When the case definition 
was restricted to culture-positive patients with symptomatic dis- 
ease, diabetes remained a risk factor. While noting that diabetic pa- 
tients may have granulocyte and T cell function abnormalities, the 
authors suggest that diabetes-associated decreased gastric acid pro- 
duction and decreased bowel motility may be contributory factors. 
Even more recently, an association between Campylobacter gas- 
troenteritis and diabetes has also been described.” 

Additional studies are needed to corroborate these findings to 
determine if there is an increased risk of gastrointestinal infection 
for diabetic patients from other bacterial pathogens, and to deter- 


mine if hyperglycemia is related to the risk and severity of these in- 
fections in patients with diabetes. 


Urinary Tract Infections 


The data relating to urinary tract infections in diabetic patients 
have been examined in two authoritative reviews which reached 
contradictory conclusions. Wheat states that the majority of con- 
trolled studies noted a two- to fourfold higher incidence of bacteri- 
uria in diabetic women,” whereas Gocke and Grieco conclude that 
in well-controlled diabetes, urinary tract infections are no more 
likely in diabetics than in nondiabetic patients.” Several studies 
support both views.°”** In diabetic children, a prevalence rate sim- 
ilar to that of nondiabetic children is found, and the same appears 
to be true for diabetic men.*°~' Among patients with hospital- 
acquired urinary tract infections, diabetic patients are more suscep- 
tible than nondiabetic patients.” 

Thus it appears that within populations in whom the preva- 
lence of urinary tract infections is known to be high, the diabetic 
is even more likely than the nondiabetic to develop a urinary 
tract infection. Some of the reasons for this are that the diabetic 
patient may have a neurogenic bladder with urinary stasis, may 
be catheterized frequently, may have underlying renal disease, 
and may have impaired host defenses, all of which are predispos- 
ing factors for urinary tract infection. The diabetic leukocyte may 
be compromised by the hyperosmolar milieu in the renal 
medulla, which impairs phagocytosis even in the normal leuko- 
cyte.” 

There is universal agreement that urinary tract infections are 
more likely to cause serious complications for the diabetic patient 
than for others. Among bacteriuric pregnant women with diabetic 
retinopathy, a 50% perinatal death rate was found compared with 
15% for women with microangiopathy without bacteriuria.” Stud- 
ies done to localize the anatomic site of bacterial involvement in di- 
abetic patients with asymptomatic bacteriuria document high rates 
of upper tract involvement. Ooi and colleagues found that 63% of 
diabetic women with asymptomatic bacteriuria had upper tract in- 
volvement, whereas Forland and associates found 80% of such pa- 
tients had upper tract involvement.” However, a prospective study 
suggested that asymptomatic bacteriuric diabetic women do not 
have an increased incidence of subsequent symptomatic urinary 
tract infection. including pyelonephritis. 

Data suggest that diabetic patients may experience higher 
complication rates when they do develop renal infections. In a se- 
ties of 52 patients with perinephric abscesses, 36 were diabetic. 
This diagnosis should be suspected in any diabetic patient who 
does not respond to adequate antibiotic therapy within 3 or 4 days. 
An abdominal or flank mass is a helpful diagnostic sign, but is 
present in only about 50% of cases. The organisms are usually 
those associated with urinary tract infections, although S. aureus 
can cause cortical abscesses by the hematogenous route. Although 
there are some data that these infections may respond to antibiotics 
alone, incision and drainage of the abscess are usually required,” 

A well-known, but now rather uncommon complication of 
urinary tract infection in diabetic patients is renal papillary 
necrosis. This disease is probably related to renal ischemia and 
is usually accompanied by rapidly deteriorating renal function, 
as well as fever, flank pain, and a poor response to antibiotic 
therapy. Obstructive uropathy or analgesic use may be concomi- 
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tant factors in the pathogenesis of this disease. Diagnosis is 
made by x-ray, and the retrograde pyelogram is preferred over 
the intravenous pyelogram in the diabetic patient with renal im- 
pairment. 

Gas-forming infections of the kidney, renal pelvis, ureter, or 
bladder are uncommon, but not rare, and most occur in diabetic pa- 
tients. The severity of this disease is related to the site of infection. 
When gas is confined to the collecting system, survival rates are 
much better than when the renal parenchyma is involved. Less se- 
vere disease can be managed with either antibiotic therapy alone or 
in conjunction with percutaneous drainage. Greater disease sever- 
ity may warrant nephrectomy. Overall mortality approaches 
18.8%. As with the other renal complications, this disease should 
be suspected in any diabetic patient not responding quickly to ap- 
propriate antibiotics. Nausea, vomiting, and diarrhea in patients 
with urinary tract infections may give a clue to this disease. Ten- 
derness, a palpable mass, or rarely, crepitus may be felt in the cos- 
tovertebral angle. Diagnosis is made by abdominal CT scan, since 
plain radiographs identify gas in only one-third of patients.®° The 
pathogenesis of this disease is obscure but is thought to be related 
to the ability of organisms such as E coli or Klebsiella pneumoniae 
to utilize glucose with subsequent formation of carbon dioxide and 
hydrogen. When infection with these organisms occurs in an area 
with vascular insufficiency, a severe necrotizing infection can 
occur. What is not clear is why it happens so infrequently, consid- 
ering the frequent occurrence of urinary tract infections in diabetic 
patients with vascular disease and hyperglycemia. 

Fungal infections of the urinary tract are not uncommon in di- 
abetic patients. This may be a result of the use of antibiotics for 
bacterial infections and subsequent overgrowth of Candida 
species, or the fungus may spread from perineal candidal infection. 
The distinction between colonization and infection is often difficult 
to assess in these patients. Goldberg and coworkers suggested that 
patients who have Candida colony counts of greater than 
10,000/mL in a clean-catch specimen should be catheterized, and if 
the count is still greater than 10,000/mL, the patient has actual uri- 
nary tract infection and not just colonization.®’ If infection is pres- 
ent in a diabetic patient, then treatment should be initiated. Oral 
fluconazole (200 mg the first day followed by 3-5 days of 100 
mg/d) is highly efficacious in the treatment of Candida albicans 
cystitis. However, C krusei are routinely resistant to fluconazole. 
Alternatively, 5 days of continuous bladder irrigation of 50 mg of 
amphotericin in 1 liter of sterile water per day via a triple-lumen 
Foley catheter is reported to have resulted in cure rates of 70%. 
Oral flucytosine can be considered, but about 50% of candidal 
strains are resistant to this drug and bone marrow toxicity may 
occur in patients with renal impairment. Ketoconazole is poorly 
excreted in urine and should not be considered as a therapeutic op- 
tion. Cases of candidal cystitis resistant to these treatment regi- 
mens may respond to low-dose intravenous amphotericin, but 
upper urinary tract disease or systemic infection should always be 
suspected in these cases and may require more extensive therapy. 


Pneumonia 


While hematogenous spread from sites of peripheral infection is 
one mechanism for development of pneumonia, the more usual 
route of infection is by inhalation of pathogenic organisms that col- 
onize the oropharynx. The susceptibility of diabetic patients to S 
aureus and K pneumoniae pneumonias reported by Khurana and 
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coworkers could be related to the increased nasal carriage of S 
aureus or oropharyngeal carriage of K pneumoniae. Patients with 
chronic illness appear to experience a change from the so-called 
normal oropharyngeal flora (i.e., from gram-positive organisms to 
gram-negative rods), and this could predispose patients to gram- 
negative rod pneumonia. Among alcoholics, 40% were found to be 
colonized with K pneumoniae, and pneumonia with this organ- 
ism is another disease that appears to be particularly common 
among alcoholic and diabetic subjects. 

Phagocytosis by the pulmonary macrophage is the major de- 
fense mechanism against inhaled bacteria, and this may well be de- 
fective in the diabetic patient. Acidosis impairs the bactericidal 
mechanisms of the lung, and this could be an added factor in the 
uncontrolled diabetic patient.’° 

Infections with either S aureus or aerobic gram-negative rods 
can produce severe, necrotizing pneumonias. Antibiotic therapy for 
2-4 weeks is usually necessary and the mortality rate is 40-50%. 

There is no documented evidence that pneumococcal pneumo- 
nia is more common in diabetic than nondiabetic hosts; neverthe- 
less, the serious nature of this disease in any patient with chronic 
disease warrants the use of pneumococcal vaccine in these patients, 
especially those in the older age groups. 


Emphysematous Cholecystitis 


Although it is difficult to document an increased incidence of 
cholecystitis among diabetic patients, the more severe and fulmi- 
nating infection with gas-producing organisms occurs frequently in 
diabetic patients. In 136 cases of emphysematous cholecystitis, di- 
abetes mellitus was found in 38%. This disease differs from em- 
physematous pyelonephritis in that C perfringens is isolated in 
about one-half of the cases. In one series of 109 cases in which gall 
bladder bile was cultured, 95 were culture positive, with Clostridia 
spp isolated from 46% and E coli from 33%. 

The clinical presentation of this disease resembles that of acute 
cholecystitis, but the outcome is radically different. Gall bladder 
perforation and gangrene are frequent, and the mortality rate is 3-10 
times higher than in acute cholecystitis. The male to female ratio is 
about 3:1, the reverse of that seen in acute cholecystitis. Diabetic 
vascular disease is thought to be a factor in the pathogenesis of this 
unusual syndrome as it is with the other gas-forming infections. The 
diagnosis is made by finding radiographic evidence of gas in the gall 
bladder wall. Since the presence of gas may be seen in the first 48 
hours of infection and spread to surrounding tissues in the next 48 
hours, Wheat® suggests that diabetic patients with evidence of acute 
cholecystitis have abdominal x-rays each day for at least 4 days. This 
advice would seem particularly applicable if the patient is a diabetic 
male. Antibiotic coverage includes the triple combination of ampi- 
cillin (or an extended-spectrum penicillin such as piperacillin or me- 
zlocillin), metronidazole, and an aminoglycoside. Imipenem may be 
useful for alternative antibiotic coverage because it is active against 
anaerobic bacteria, aerobic gram-negative rods, and Enterococcus 
faecalis. This drug does not have the nephro- or ototoxicity of the 
aminoglycosides, an important consideration in the diabetic patient. 
As with the other gas-forming infections, antibiotic coverage is use- 
ful only when used in association with early surgical therapy. 


Bacteremia 


While bloodstream invasion may result from infection with most 
bacterial pathogens, certain bacteria have been reported to pose a 
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particular threat to diabetic patients. These will be discussed in 
detail. 


Staphylococcal Bacteremia 

It has long been suggested that diabetic patients are predis- 
posed to staphylococcal bacteremia, but this has never been estab- 
lished by controlled studies. Diabetes has been recognized as an 
underlying disease in 8-36% of patients with staphylococcal bac- 
teremia, but studies designed to specifically evaluate the frequency 
of staphylococcal bacteremia in diabetic and nondiabetic patients 
have yet to be performed.' Although a number of studies have re- 
ported higher mortality rates associated with staphylococcal bac- 
teremia in diabetic relative to nondiabetic patients, the most recent 
information suggests that there is no increased risk of mortality as- 
sociated with these infections among diabetic patients. Cooper and 
Platt compared the presentation and course of 27 episodes of S au- 
reus bacteremia in diabetic patients with 34 episodes in nondia- 
betic patients, and although they found no increased mortality in 
diabetic patients, when a primary focus of infection was present, 
they found diabetic patients were more likely to develop endo- 
carditis than nondiabetic subjects.’ It is possible that both granulo- 
cyte deficiencies and impaired cell-mediated immunity might be 
responsible for this increased severity of staphylococcal disease 
among diabetic patients. 


Group B Streptococcal Bacteremia 

Beta-hemolytic streptococci of the Lancefield group B have 
emerged as a leading cause of sepsis of neonates and pregnant 
women. However, in a population-based assessment of invasive 
disease due to group B streptococci, Farley and colleagues found 
that 68% of cases occurred among adult men and nonpregnant 
women.’' Of these patients, 31% were diabetic. This striking 
predilection for diabetic patients confirmed previous reports that 
noted the association between these two diseases.” Bayer and 
associates”? described 22 patients with bacteremic group B strepto- 
coccal infections, of whom 10 were diabetic patients. Pneumonia 
was the initial infection in five of these patients and cellulitis and 
pyelonephritis in two each. 

The carriage rate of group B streptococci was studied in a 
group of diabetic compared to nondiabetic subjects.” No differ- 
ences were found between the two groups. The studies by Baker 
and coworkers'® described above, showing inefficient opsonization 
of group B streptococci in diabetic patients, suggest at least one 
reason for these infections in diabetic patients. 

The drug of choice for treatment of group B streptococcal in- 
fection is penicillin. The organism is less sensitive to penicillin 
than group A streptococci and therefore higher doses may be re- 
quired. In a patient allergic to penicillin, sensitivities must be ob- 
tained from the laboratory because several of the strains are 
resistant to clindamycin, erythromycin, and tetracycline. Cepha- 
losporins could be used, but there is a 10% risk of cross-reaction in 
cases of penicillin allergy. 


Gram-Negative Rod Bacteremia 

Bacteremia with aerobic gram-negative rods usually results 
from urinary tract infections, gastrointestinal disease, gallbladder 
disease, or in the hospitalized patient, intravenous catheters. In the 
diabetic patient, synergistic gangrene and gram-negative rod pneu- 
monias are an additional hazard. Several studies document a high 
prevalence of diabetes among patients with gram-negative rod bac- 
teremias. In their series of patients with Proteus bacteremia at the 


Boston City Hospital, Adler and associates” found that 25% of the 
patients had diabetes. An investigation by Lewis and Fekety’® of 
patients with gram-negative rod bacteremias at Johns Hopkins 
Hospital found that 20% of these patients had diabetes. The mor- 
tality rate among the diabetic patients was almost twice the overall 
mortality rate. Infection with gram-negative rods frequently re- 
quires the use of an aminoglycoside, and these antibiotics may be 
especially toxic in diabetic patients with compromised renal func- 
tion. Dosage of these drugs should be carefully monitored, drug 
levels should be measured, and renal function tests should be done 
every day or every other day. 


Tuberculosis 


Whether there is an increased risk of primary tuberculosis after ex- 
posure for diabetic patients relative to nondiabetic patients has 
never been investigated, but diabetes and alcoholism have been 
suggested as potential risk factors for reactivation of latent tubercu- 
losis.” Zack and coworkers” noted a 41% abnormal glucose toler- 
ance rate among 256 nondiabetic patients hospitalized with tuber- 
culosis. Unfortunately, long-term follow-up was not conducted, 
and the significance of this association remains obscure. Interest- 
ingly, a recent study comparing 5290 cases of tuberculosis to 
37,366 controls diagnosed with deep venous thrombosis, pul- 
monary embolism, or acute appendicitis, identified diabetes melli- 
tus as a risk factor for tuberculosis, especially among middle-aged 
Hispanics.” This association awaits further confirmation. Previous 
anecdotal reports describing a tendency for severe lower lobe tu- 
berculosis in diabetic subjects have not been bome out. 


Systemic Fungal Infections 


Several fungal diseases that are uncommon in the general popula- 
tion seem to be more common in the diabetic population. Crypto- 
coccosis is a disease caused by an encapsulated yeast that is in- 
haled. In the majority of cases, the host defenses of the lung are 
sufficient to prevent infection. In immunocompromised patients, 
pneumonia, meningitis, or disseminated disease may occur. Dia- 
betes has been suggested to be a risk factor for cryptococcal infec- 
tion, but this is not well established. Coccidioidomycosis, a fungal 
disease found in certain regions of California and Arizona, seems 
to be particularly virulent in people of certain genetic backgrounds, 
such as African-Americans or Asians. Baker and coworkers re- 
ported that the disease was particularly severe in patients with type 
1 diabetes.” Rare cases of septic shock have been seen in patients 
with candidemia and diabetes. 


SUMMARY 


Despite advances in the knowledge of host defense in diabetes, 
there are numerous aspects of the complex host-pathogen interrela- 
tionship in diabetic subjects that remain unexplained. Why diabetic 
patients appear to have increased problems with pyogenic organ- 
isms such as S aureus and group B streptococci and not with com- 
mon pathogens such as pneumococci has not been elucidated. De- 
spite numerous unanswered questions, there is clear evidence of 
increased morbidity and mortality from infectious agents in the di- 
abetic population. A knowledge of these problems coupled with 
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appropriate preventive and therapeutic measures may lessen the 
impact of these diseases in the diabetic host. 


REFERENCES 


19, 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


. Breen JD, Karchmer AW: Staphylococcus aureus infections in dia- 


betic patients. Inf Dis Clin 1995;9:11. 


. Patterson JE, Andriole VT: Bacterial urinary tract infections in dia- 


betes. Inf Dis Clin 1997;1 1:735. 


. Soler NG, Bennett MA, Fitzgerald MG, er al: Intensive care in the 


management of diabetic ketoacidosis. Lancet 1973;1:951. 


. Muller WA, Faloona GR, Unger RH: Hyperglucagonemia in diabetic 


ketoacidosis. Am J Med 1973;54:52. 


. Peterka ES, Fusaro RM: The skin glucose content of fasting diabetics 


with and without infection. J Invest Dermatol 1966;46:549. 


. Somerville DA, Lancaster-Smith M:. The aerobic and cutaneous mi- 


croflora of diabetic subjects. Br J Dermatol 1973;89:395. 


. Williamson JR, Chang K, Frangos M, et al: Hyperglycemic pseudo- 


hypoxia and diabetic complications. Diabetes 1993;42:801. 


. Anderson B, Goldsmith GH, Spagnulo PJ: Neutrophil adhesive dys- 


function in diabetes mellitus: The role of cellular and plasma factors. 
J Lab Clin Med 1988;110:275. 


. Macmillan DE: Pathophysiology of diabetic vascular disease. In: Dia- 


betes in Review. Clinical Conference American Diabetes Association, 
27th Post Graduate Course, Atlanta: 1980. 


. Seabrook GR, Edmiston CE, Schmitt DD, et al: Comparison of serum 


and tissue antibiotic levels in diabetes-related foot infections. Surgery 
1991;110:671. 


. Richardson R: Immunity in diabetes: Influence of diabetes on the de- 


velopment of antibacterial properties in the blood. J Clin Invest 1933; 
12:1143. 


. Balch HH, Water M, Kelly D: Blood bactericidal studies and serum 


complement in diabetic patients. J Surg Res 1963;3:199. 


. Eibl LM, Schernthaner G, Erd W, er al: Humoral immunodeficiency 


to bacterial antigens in patients with juvenile diabetes mellitus. Dia- 
betologia 1976;12:259. 


. Bates G, Weiss C: Delayed development of antibody to staphylococ- 


cal toxin in diabetic children. Am J Dis Child 1941;62:346. 


. Beam TR Jr., Crigler ED, Goldman JR, er al: Antibody response to 


polyvalent pneumococcal polysaccharide vaccine in diabetics. JAMA 
1980;244:2621. 


. Baker CJ, Webb BJ, Kasper DL, et al: The role of complement and an- 


tibody in opsonophagocytosis of type II group B streptococci. J Infect 
Dis 1986;154:47. 


. Hill HR, Sauls HS, Detloff JL, er al: Impaired leucotactic responsive- 


hess in patients with juvenile diabetes mellitus. Clin Immunol Im- 
munopuathol 1974;2:395, 


. Perillie PE, Nolan JP, Finch SC: Studies of resistance to infection in 


diabetes mellitus: Local exudative cellular response. J Lab Clin Med 
1962;59: 1008. 

Brayton RG, Stokes PE, Schwartz MS, er al: Effect of alcohol and 
various diseases on leukocyte mobilization, phagocytosis and intra- 
cellular killing. N Engl J Med 1970:282: 123. 

Bagdade JD, Stewart M. Walters E: Impaired granulocyte adherence: 
A reversible defect in host defense in patients with poorly controlled 
diabetes. Diabetes 1978;27:677. 

Donovan RM, Goldstein E, Kim Y: A computer-assisted image- 
analysis system for analyzing polymorphonuclear leukocyte chemo- 
taxis in patients with diabetes mellitus. J Infect Dis 1978;155:737. 
Gocke TM: Infections complicating diabetes mellitus. In: Grieco MH, 
ed. Infections in the Abnormal Host. Yorke Medical: 1980:585. 
Molenaar DM. Palumbo PJ, Wilson WR, et al: Leucocyte chemotaxis 
in diabetic patients and their non-diabetic first degree relatives. Dia- 
betes 1976;25:880. 

McMullen JA, Van Dyke TA, Horoszewicz HV, er al: Neutrophil 
chemotaxis in individuals with advanced periodontal disease and a ge- 
netic predisposition to diabetes mellitus. J Periodontol 1981;52:167. 
Bybee JD, Rogers DE: The phagocytic activity of polymorphonuclear 
leukocytes obtained from patients with diabetes mellitus. J Lab Clin 
Med 1964;64:1. 

Tan JS, Anderson JL, Watanakunakom C, er al: Neutrophil function in 
diabetes mellitus. J Lab Clin Med 1975;85:26. 


HOST DEFENSE AND INFECTIONS IN DIABETES MELLITUS 


27. 


28. 


29. 


30. 


31. 


32. 
33. 


34. 


35. 


36. 


37. 


38. 
39. 
40. 


41. 


42. 


43. 


51. 


52. 


53. 


54. 


55. 


609 


Nolan CM, Beatty HN, Bagdade JD: Further characterization of the 
impaired bactericidal function of granulocytes in patients with poorly 
controlled diabetes. Diabetes 1978;27:889. 

Repine JE, Clawson CC, Gaetz FC: Bactericidal function of neu- 
trophils from patients with acute bacterial infections and from diabet- 
ics. J Infect Dis 1980;142:869. 

Bagdade JD, Root R, Bulger JR: Impaired leucocyte function in pa- 
tients with poorly controlled diabetes. Diabetes 1974;23:9. 

Crosby B, Allison F: Phagocytic and bactericidal capacity of poly- 
morphonuclear leukocytes recovered from venous blood of human be- 
ings. Proc Soc Exp Biol Med 1966;123:660. 

Ragab AH, Hazlett B, Cowan DH: Response of peripheral blood lym- 
phocytes from patients with diabetes mellitus to phytohemagglutinin 
and candida antigen. Diabetes 1978;27:889. 

Essman V: Effect of insulin on human leucocytes. Diabetes 1963; 
12:545. 

Plouffe JF, Silva J, Fekety FR Jr., et al: Cell mediated immunity in di- 
abetes mellitus. Infect Immunol 1978;21:425. 

Casey JI, Heeter BJ, Klyshevich K: Impaired response of lympho- 
cytes of diabetic subjects to Staphylococcus aureus. J Infect Dis 1977; 
136:495. 

Casey J, Sturm CS Jr.: Impaired response of lymphocytes from non- 
type | diabetics to staphylococcal phage and tetanus antigen. J Clin 
Microbiol 1982;15:105. 

Fernandes G, Handwerger BS, Yunis EJ, et al: Immune response in 
the mutant diabetic C57 BI/K, db 1 mouse. J Clin Invest 1978,61:243. 
Mahoud AA. Rodman HM, Mandel MA, et al: Induced and sponta- 
neous diabetes mellitus and suppression of cell mediated immune re- 
sponses. J Clin Invest 1976;57:362. 

Farrer SM, MacLeod CM: Staphylococcal infections in a general hos- 
pital. Am J Hyg 1960;72:38. 

Williams JR: Does diabetes mellitus predispose the patient to pyo- 
genic skin infections? JAMA 1942;118:1357. 

Brodsky JW, Schneidler C: Diabetic foot infections. Orthop Clin 
North Am 1991;22:473. 

Krepel CJ, Gohr CM, Edmiston CE, et al: Anaerobic pathogenesis: 
Collagenase production by Peptostreptococcus magnus and its rela- 
tionship to site of infection. J Infect Dis 1991;163:1148. 

Stone HH, Martin JD Jr.: Synergistic necrotizing cellulitis. Ann Surg 
1972;175:702. 

Bessman AN, Sapico FL, Tabatabai M, et al: Persistence of polymi- 
crobial abscesses in the poorly controlled diabetic host. Diabetes 
1986;35:448. 


. Crosthwait RW Jr, Crosthwait RW, Jordan GL: Necrotizing fasciitis. J 


Trauma 1964;4:149. 


. Bessman AN, Wagner W: Nonclostridial gas gangrene. JAMA 1975; 


233:958. 


. Goodman J, Bessman AN, Taget B, et al: Risk factors in local surgical 


procedures for diabetic gangrene. Surg Gynecol Obstet 1976;143:587. 


. Mann RJ, Peacock JM: Hand infections in diabetes mellitus. J Trauma 


1977;17:376. 


. Montes LF, Dobson H, Dodge BG, et al: Erythrasma and diabetes 


mellitus. Arch Dermatol 1969;99:674. 


. Sheldon WH, Bauer H: The development of the acute inflammatory 


response to experimental cutaneous mucormycosis in normal and dia- 
betic rabbits. J Exp Med 1959;110:845. 


. Artis WM, Fountain JA, Delcher HK, er al: A mechanism of suscepti- 


bility to mucormycosis in diabetic ketoacidosis: Transferrin and iron 
availability. Diabetes 1982;31:1109. 

Lavine WS, Maderazo EG, Stolman EG, er al: Impaired neutrophil 
chemotaxis in patients with juvenile and rapidly progressing peri- 
odonitis. J Periodont Res 1979;14:10. 

Manouchehr-Pour M, Spagnuolo PJ, Rodman HM, er al: Impaired 
neutrophil chemotaxis in diabetic patients with severe periodontitis. J 
Dent Res 1981;60:729. 

Tapper-Jones LM, Aldred MJ, Walker DM, et al: Candida infections 
and populations of Candida albicans in mouths of diabetics. J Clin 
Pathol 1981;34:706. 

Telzak EE, Greenberg MSZ, Budnick LD, er a/: Diabetes mellitus—a 
newly described risk factor for infection from Salmonella enteritidis. 
J Infect Dis 1991;164:538. 

Neal KR, Slack RCB: Diabetes mellitus, anti-secretory drugs and 
other risk factors for campylobacter gastro-enteritis in adults: a case 
control study. Epidemiol Infect 1997;1 19:307. 


610 


67. 


68. 


DIABETES MELLITUS 


. Wheat LJ: Infections and diabetes mellitus. Diabetes Care 1980;3:187. 
. Kass EH: Asymptomatic infections of urinary tract. Trans Assoc Am 


Physicians 1956;69:56. 


. O'Sullivan DJ, Fitzgerald MG, Meynell MJ, er al: Urinary tract infec- 


tion: A comparative study in the diabetic and general populations. Br 
Med J 1961;1(suppl):786. 


. Pometta D, Rees SB, Younger D, et al: Asymptomatic bacteriuria in 


diabetes mellitus. N Engl J Med 1967;276:1118. 


. Vyslgaard R: Studies on urinary tract infection in diabetes: I. Bacteri- 


uria in patients with diabetes mellitus and in control subjects. Acta 
Med Scand 1966;179:173. 


. Kunin CM, Southall I, Paguin AJ: Epidemiology of urinary tract infec- 


tion: Pilot study of 3057 school children. N Engl J Med 1960;263:817. 


. Stamm WE, Martin SM, Bennet JV: Epidemiology of nosocomial in- 


fections due to gram negative bacilli: Aspects relative to development 
and use of vaccines. J Infect Dis 1977;136:5151. 


. Chermew I, Braude AI: Depression of phagocytosis by solutes in con- 


centration found in the kidney and urine. J Clin Invest 1962;41:1945. 


. Batalla MA, Balodimos MC, Bradley RF: Bacteriuria in diabetes mel- 


litus. Diabetologia 1971,7:297. 


. Joshi N, Caputo G, Weitekamp MR, et al: Infections in patients with 


diabetes mellitus. N Engl J Med 1999;341:1906. 


. Huang J, Tseng C: Emphysematous pyelonephritis: clinicoradiologi- 


cal classification, management, prognosis and pathogenesis. Arch In- 
tern Med 2000;160:797. 

Goldberg PK, Kozinn PJ, Wise GJ, et al: Incidence and significance of 
candiduria. JAMA 1979;241:582. 

Khurana RC, Younger D, Ryan JR: Characteristics of pneumonia in 
diabetes. Clin Res 1973;21:629(abs). 


69. 
70. 


71. 


72. 


73. 


74. 


75. 
76. 
77. 
78. 


79. 


80. 


Fuxench-Lopez Z, Ramirez-Ronda CH: Pharyngeal flora in ambula- 
tory alcoholic patients. Arch Intern Med 1978;138:1815. 

Goldstein E, Green GM, Seamans C: The effect of acidosis on pul- 
monary bactericidal function. J Lab Clin Med 1970;75:912. 

Farley MM. Harvey RC, Stull T, et al: A population-based assessment 
of invasive disease due to group B streptococcus in nonpregnant 
adults. N Engl J Med 1993;328:1807. 

Duma RJ, Weinberg AN, Medrek TF, er al: Streptococcal infections: . 
A bacteriologic and clinical study of streptococcal bacteremia. Medi- 
cine 1969;48:87. 

Bayer AS, Chow AW, Anthony BF, e al: Serious infections in adults 
due to group B streptococci. Am J Med 1976;61:498. 

Casey JI, Maturlo S, Albin J. et al: Comparison of carriage rates of 
group B streptococcus in diabetic and nondiabetic persons. Am J Epi- 
demiol 1982;116:704. 

Adler JA, Burke JP, Martin DF, er al: Proteus infections in a general 
hospital. Ann Intern Med 1971;75:531. 

Lewis J, Fekety FR Jr.: Gram negative bacteremia. Johns Hopkins 
Med J 1969;124:106. 

Edsall J, Collins JG, Gran JAC: The reactivation of tuberculosis in 
New York City in 1967. Am Rev Resp Dis 1970;102:725. 

Zack MB, Fulkeson LL, Stein E: Glucose intolerance in pulmonary 
tuberculosis. Am Rev Resp Dis 1973;108:1164. 

Pablos-Mendez A, Blustein J, Knirsch CA: The role of diabetes melli- 
tus in the higher prevalence of tuberculosis among hispanics. Am J 
Pub Health 1997,87:574. 

Baker EJ. Hawkins JA, Washow EA: Surgery for coccidioidomycosis 
in 52 diabetic patients with special reference to related immunologic 
factors. J Thorac Cardiovasc Surg 1978:75:680. 


CHAPTER 37 


Diabetes and Surgery 


Stephanie A. Amiel 
K. George M. M. Alberti 


The diabetic patient is not protected from the disorders that require 
surgical intervention in the nondiabetic population. Indeed the 
chronic complications of diabetes increase the likelihood of the 
need for surgery, with particular reference to cardiac and peripheral 
vascular and renal disease. It has been estimated in the past that a 
diabetic person has a 50% chance of having a surgical procedure 
during their lifetime.' This chance is steadily increasing with the 
greater life expectancy of diabetic people and the greater propor- 
tion undergoing angioplasty and coronary bypass operations. 

Surgery in diabetic patients is complicated by the need for 
metabolic control during surgery itself and in the postoperative pe- 
riod when feeding is reinstated. The chronic complications are also 
likely to complicate recovery with particular respect to autonomic 
neuropathy, nephropathy, and macrovascular disease. A further 
challenge is offered by the greatly increased volume of (ambula- 
tory) day surgery now performed, although it has been shown that 
diabetic patients are no more likely than nondiabetic patients to re- 
quire full admission afterwards.” The ability to admit patients for 
stabilization preoperatively has also decreased. 

Surgery and anesthesia have profound metabolic effects. These 
will be exacerbated in diabetes by insulin deficiency or hyposecre- 
tion and by insulin insensitivity (see Chap. 8). The poorly con- 
trolled diabetic patient will already be in a catabolic state, which 
will amplify the effects of surgery. There will be diminished 
phagocyte function with impaired resistance to infection and de- 
layed wound healing. Together with the chronic complications of 
diabetes, these factors will add to the morbidity and mortality of 
the surgical procedures themselves. The aim of treatment of the di- 
abetic patient undergoing surgery must therefore be to control the 
metabolic scenario in such a way that the risks are no greater and 
the outcome no worse than for the nondiabetic person. 

In the remainder of this chapter, the metabolic effects of sur- 
gery and anesthesia will be briefly reviewed together with the im- 
pact of diabetes on these events. The pre-operative assessment of 
the diabetic patient, anesthetic management, and peri- and post- 
operative treatment will then be discussed, together with the man- 
agement of diabetes in certain special situations such as emergency 
surgery and cardiopulmonary bypass. For more details the reader is 
referred to several recent reviews.*-” 


METABOLIC EFFECTS OF ANESTHESIA 
AND SURGERY IN THE NORMAL 
AND DIABETIC STATES 


Under normal conditions, metabolic homeostasis is maintained 
by a fine balance between the anabolic hormone insulin and the 


major catabolic hormones, glucagon, the catecholamines, cortisol, 
and to some extent, growth hormone (see Chap. 1). In the fed state 
the anabolic actions of insulin predominate, with the stimulation of 
processes leading to fuel storage: glycogenesis, lipogenesis, gly- 
colysis (to promote new fatty acid synthesis in the liver), and pro- 
tein synthesis. 

In starvation the balance is tilted towards catabolism; insulin 
concentrations fall while those of the catabolic hormones stay the 
same or rise slightly. There is enhanced production of the oxidiz- 
able substrates, glucose, fatty acids, and ketone bodies through 
stimulation of glycogenolysis, gluconeogenesis, lipolysis, and ke- 
togenesis, which together with increased proteolysis provide glu- 
coneogenic substrates. Insulin plays a key role in restraining these 
events through its important anticatabolic actions, as they respond 
to small amounts of insulin and thereby allow controlled release of 
substrates. These processes become disturbed in stress states such 
as surgery, particularly if diabetes is superimposed. 


Anesthesia 


The impact of modern anesthetic agents on metabolic control is 
relatively small. Epidural anesthesia blocks catecholamine release 
and can reduce postoperative protein catabolism (see reference 8). 
In one study, isoflurane was associated with a greater increase in 
plasma glucose than fentanyl/midazolam with only the former 
causing increased hepatic glucose production. Nonetheless the ef- 
fects are relatively small and disappear rapidly postoperatively.’ 
Both locoregional and general anesthesia can be used safely. More 
important is the presence of autonomic neuropathy or cardiovascu- 
lar disease in the patient. 


Surgery 


Surgery induces a trauma-like stress state’ and provides a classic 
hyperglycemic challenge. The stress response to both the condition 
for which the surgery is being performed and any associated anxi- 
ety includes adrenergic and sympathetic activation and elevations 
of circulating catecholamines, cortisol, and growth hormone. 
These may be sufficient to convert well-controlled diabetes into 
hyperglycemia—even ketoacidosis—particularly when the surgi- 
cal condition is an acute one. Furthermore, immobility reduces mus- 
cle consumption of glucose and confinement to bed causes insulin 
resistance, contributing to the tendency toward hyperglycemia. 
Surgery is associated with a reduction in insulin sensitivity that 
persists for 3 weeks.'' Using the short insulin-tolerance test, a 50% 
fall of insulin sensitivity has been demonstrated 24 hours after lap- 
aroscopic cholecystectomy.'” Thorel] and associates showed a one- 
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third decrease in sensitivity even after inguinal hernia repair and a 
56% decrease after cholecystectomy.'? 

Food deprivation further worsens the catabolic state. In health 
the small amounts of circulating insulin still present limit the ex- 
tent of the catabolic processes. Interestingly, it is possible to nor- 
malize postoperative insulin sensitivity by perioperative insulin 
and glucose infusion’? and to attenuate it with preoperative glu- 
cose loading orally or intravenously.'> In surgery as opposed to 
starvation, it is noteworthy that the catabolic processes do not re- 
sult in elevated circulating levels of plasma free fatty acids or ke- 
tones, so the body loses the protein-sparing effect of these meta- 
bolic fuels and proteolysis continues unabated. This is probably 
due in part to the elevated insulin levels which are found due to in- 
sulin resistance. 

Classical stress hormone responses are unlikely to be the sole 
or perhaps even major cause of surgery-related insulin resistance. 
A study of healthy subjects undergoing elective surgery found a 
significant fall in whole-body insulin sensitivity on the first postop- 
erative day to be strongly correlated with elevated levels of the cy- 
tokine interleukin-6.'° Other cytokines did not show this pattern, 
perhaps because of the relatively limited tissue damage associated 
with these procedures. It is noteworthy that in a small number of 
patients, the insulin resistance persisted to at least the fifth postop- 
erative day. Cholecystectomy had notably more effect on insulin 
sensitivity, stress hormones and IL-6 levels than herniorrhapy, 
which was not associated with a significant increase in stress hor- 
mones by day one. 

The molecular mechanisms of the insulin resistance of surgery 
remain to be elucidated, but a major effect on peripheral glucose 
utilization has been observed with reductions in glucose transport, 
nonoxidative glucose disposal and intracellular glycogen synthase 
demonstrated in muscle tissue sampled on the first postoperative 
day." It is likely that impaired translocation of the glucose trans- 
porter GLUT-4 in response to insulin in muscle is an important 
mechanism. 

Neural effects are also important in the catabolic response. 
Epidural anesthesia, spinal blocks, and splanchnic nerve block 
have all been shown to ameliorate the endocrine and metabolic 
response. 


Diabetes 


The uncontrolled diabetic patient will already be in a catabolic 
state. Superimposition of the metabolic stress of surgery will result 
in a major worsening of this state. Severe hyperglycemia leads to 
an osmotic diuresis, with loss of salt and water. In extremes, dehy- 
dration and hypovolemia may ensue. Hyperglycemia is associated 
with decreased levels of antioxidants, disturbances of coagulation, 
including increments in fibrinogen and plasminogen activator in- 
hibitor (PAI-1), and interferes with neutrophil function. Ketosis 
with severe acidemia may also ensue. 

Not surprisingly, few data are available on the absence of treat- 
ment of diabetes during surgery. Blood glucose levels have been 
shown to rise from about 180 mg/dL (10 mmol/L) to about 270 mg/ 
dL (15 mmol/L) postoperatively with ketone body levels rising to 
about twice the level of nondiabetic controls.'? The situation is 
similar metabolically even in patients with type 2 diabetes mellitus 
(T2DM) undergoing minor surgery that generates a relatively small 
stress response. Blood glucose levels were again greater than in the 
nondiabetic, reaching only 180 mg/dL (10 mmol/L). Ketone body 
and fatty acid levels were also above normal, although not at a dan- 
gerous level.” 


In order to minimize the adverse effects of these metabolic 
events on the diabetic patient, meticulous attention to metabolic 
control is required. The response of surgery relates to the severity 
of the surgery. Patients with type 1 diabetes mellitus (T1DM) will 
require insulin replacement regardless, but T2DM patients will 
probably be able to mount an adequate insulin response to minor 
surgery and insulin therapy may not be required. By contrast, they 
should receive insulin for major surgery. 


Aims of Therapy 


The main aim of therapy must be to avoid any excess morbidity 
and mortality when compared with the nondiabetic population. To 
achieve this, hypoglycemia, excessive hyperglycemia, increased 
protein catabolism, and undue electrolyte disturbances should be 
prevented. In addition, attention should be paid to cardiovascular 
status and to problems created by the long-term complications of 
diabetes. These goals are best achieved by controlling the meta- 
bolic status of the patient. There is still argument, however, as to 
how stringent metabolic control should be. The diabetologist may 
seek to attain normoglycemia, but this has potential dangers in the 
unconscious patient. In general, it is probably wiser to aim for 
blood glucose levels at which resistance to infection and phago- 
cyte function are not impaired and at which normal wound heal- 
ing can take place. The threshold for these effects is probably 
around 200 mg/dL (11 mmol/L) so the target for glycemia is in 
the range of 120-180 mg/dL (6.7-10 mmol/L) during the opera- 
tive period. 


Preoperative Management 


All patients require a full preoperative assessment. The diabetic pa- 
tient presenting for surgery is more likely to have comorbidity than 
the patient without diabetes. In the young person with a relatively 
short duration of diabetes, the main focus of attention will be 
glycemic control, but in the older patient with a longer history of 
diabetes, careful assessment of the possible chronic complications 
is necessary if the patient is to be well managed perioperatively. 

Assessment of glycemic control and current therapeutic regi- 
men is mandatory. The glycated hemoglobin will indicate the pa- 
tient’s habitual control. The random glucose is not useful until the 
time of starting the peri-operative management. 

Cardiovascular status should be assessed by history and rest- 
ing ECG. Asymptomatic angina is reported in diabetic patients, but 
a stress test such as an exercise ECG or thallium scan is not rou- 
tinely indicated. Symptomatic autonomic neuropathy is fortunately 
uncommon in diabetes, but lesser degrees of cardiac denervation 
are not. The anesthetist should be aware of potential defects in the 
normal cardiovascular responses to hypotension in anesthesia in- 
duction. A report of an exaggerated pressor response to intubation 
has been published’?! in ten consecutive patients presenting for vit- 
reous surgery. All had some degree of autonomic dysfunction pre- 
operatively and all failed to show a heart rate increase when blood 
pressure fell. This is particularly important, because cardiorespira- 
tory arrest is known to occur in patients with autonomic neuropa- 
thy and diabetic patients are more likely to have respiratory arrests 
postoperatively.” 

Hypertension coexisting with diabetes is common and its man- 
agement should be optimized prior to surgery. Peripheral vascular 
disease should be sought by routine palpation of pedal pulses and 
peripheral neuropathy by history and the patient’s inability to sense 
pinprick, light touch, and temperature and vibration stimuli. The 
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patient with nonpalpable pedal pulses, especially if the feet are in- 
sensitive, is very vulnerable to pressure ulceration and contact with 
bed frames or adjacent radiators must be prevented, as must pro- 
longed contact of the heels with unyielding mattresses. Heel ulcer- 
ation resulting from compression of the skin over the heel between 
bone and bed is common in badly managed surgical patients and 
preventable by proper care. 

Retinal status is unlikely to be adversely affected by surgery, 
although retinal hemorrhage may be precipitated by sudden hyper- 
tension or hypoglycemia and sudden tightening of glycemic con- 
trol may be associated with worsening of retinal status, which should 
be documented preoperatively and referred for treatment if prepro- 
liferative or proliferative. 

Renal impairment is a common problem in long duration dia- 
betes and renal status must be assessed preoperatively. 

Careful assessment of metabolic status is essential. In TLDM 
patients, every effort should be made to achieve good glycemic con- 
trol before admission. Patients should be on short- and intermediate- 
acting insulins. In T2DM patients, chlorpropamide should be 
stopped, as should glyburide in the elderly, because of risk of hypo- 
glycemia, and short-acting agents substituted. Metformin should 
be stopped on the day of operation except in those with abnormal 
renal function, in whom it should be stopped without delay. 

All these measures (Table 37-1) should be undertaken pread- 
mission. Ideally, patients should be admitted one or two days be- 
fore surgery to allow final assessment. This often does not occur, 
however, making preadmission screening even more important. It 
is worth noting that diabetes may be diagnosed for the first time 
when a patient is admitted for routine surgery. This is particularly 
true for elderly patients, and T2DM is usually the diagnosis. Oper- 
ation should be delayed until glycemic control has been achieved 
and the patient fully assessed. In general, one should aim for fast- 
ing glucose levels of <125 mg/dL (7 mmol/L) and postprandial 
levels of <180 mg/dL (10 mmol/L). For urgent surgery (e.g., for 
malignant disease), control can be rapidly established in the hospi- 


TABLE 37-1. Preoperative Assessment and Preparation 
of the Diabetic Patient for Surgery 


General Measures 

Cardiovascular assessment 
History of angina. infarction 
History of hypertension 
ECG 
Blood pressure 
Full examination including peripheral pulses 

Neurologic assessment 

Peripheral neuropathy 
Autonomic examination: R-R interval 

Renal assessment 
Proteinuna 
Serum creatinine 

Urine culture 

Electrolytes (sodium, potassium) 

Metabolic Assessment 

Glucosylated hemoglobin 

Home glucose control 

TIDM: Stop long-acting insulin, substitute BID split and mixed or TID 
regimens.* 

T2DM: Stop long-acting sulfonylureas (e.g., chlorpropamide). Substi- 
tute short-acting agents. Stop metformin on day of surgery. 


“For day surgery, omit or use half the dosc of intermediate-acting insulin the evening 
before surgery. 
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tal in a few days with insulin therapy. In less urgent situations, time 
can be taken to establish contro] conventionally with diet, exercise, 
and oral hypoglycemic agents. 

Ideally pre- and postoperative care should be under the joint 
management of the diabetes, anesthetic, and surgical teams. 


Perioperative Management 


In TIDM patients, the need for continued insulin replacement is 
self-evident. In T2DM patients the indications are also clear. In a 
patient well controlled on diet alone, management may be possible, 
especially for minor procedures, as with nondiabetic patients, with 
the exception that blood glucose should be monitored preopera- 
tively and hourly thereafter, and insulin replacement should be 
instituted if glucose levels rise above 11 mmol/L. With all other di- 
abetic patients on any form of pharmacologic therapy to lower 
blood glucose, replacement of that therapy with monitored intra- 
venous insulin therapy is mandatory. 

Ambulatory surgery offers special challenges, but is best 
avoided except in well-controlled T2DM patients. Operations 
under local anesthetic, such as for cataracts, can then safely be un- 
dertaken with omission of therapy on the morning of the operation. 
It has been shown that cataract operations under local anesthesia 
cause relatively minor hormonal and metabolic disturbance com- 
pared with general anesthesia.” 


Blood Glucose Contro! 


A glycemic target should be determined for each patient. The ideal 
is normoglycemia (venous plasma glucose between 70 mg/dL 
[4 mmol/L] and 125 mg/dL [7 mmol/L]), but the risk of hypo- 
glycemia is a concern. The classic signs of hypoglycemia may be 
masked by anesthesia and may in any case be absent in patients 
with longstanding diabetes taking insulin. A modified goal of 120- 
200 mg/dL (6.7-11 mmol/L) is acceptable during surgery and can 
then be tightened up postoperatively. This will keep glucose levels 
below those which cause glycosuria and dehydration and will not 
inhibit phagocyte function and wound healing. 

Blood glucose can now be measured reasonably accurately at 
the bedside and in the operating suite with test strips and a meter, 
or electrochemically or using a microcuvette. However, it is vital 
that such machines are calibrated on a regular basis. Blood glucose 
should be measured on the morning of surgery, every 2 hours until 
the patient is anesthetized, hourly during surgery, and then every 
1—4 hours during the first 24 hours, depending on the seriousness 
of the procedure. 


T1DM Patients 

All T1DM patients should be treated with insulin during sur- 
gery involving general anesthesia, regardless of the seriousness of 
the operation (Table 37-2). Operations should be scheduled early 
in the day, primarily because of the potential need for laboratory 
services for postoperative monitoring. 


Insulin Therapy 

Over the years, a variety of different regimens have been advo- 
cated for glycemic management during surgery. These have ranged 
from giving no insulin at all to using a low-dose SC insulin infusion 
with no added glucose. The former has obvious unwanted catabolic 
sequelae (see above), while the latter was only safe because patients 
were hyperglycemic preoperatively and therefore did not become 
hypoglycemic. 
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TABLE 37-2. Outline Guide to Management of 


Diabetes During Surgery 


Diet Oral agents Insulin 
Minor surgery Check BG preop. If Check BG preop. If Check BG preop. If 
<200 mg/dL, continue. If <200 mg/dL, continue. If <270 mg/dL, continue. If 
>200 mg/dL, start GIK. >200 mg/dL, start GIK. >270 mg/dL, stabilize on 
Omit on day of surgery insulin infusion until BG 
until first meal. <200 mg/dL and/or delay 


operation. 


Major surgery Use GIK as for TIDM. If Use GIK as for T1DM. If As above, 


BG >270 mg/dL, stabi- 
lize on insulin infusion 
until BG <200 mg/dL 
and/or delay operation. 


BG >270 mg/dL. stabi- 
lize on insulin infusion 
until BG <200 mg/dL 
and/or delay operation. 
Omit sulfonylureas. 


For GIK patients, monitor BG preoperatively. intraoperatively (if operation >2 h), immediately postoperatively, then every 
2 hours until BG stable. For others, check BG pre- and postoperatively. Use test strips + meter for BG monitoring (see text for 
precautions). GIK: glucosc-insulin -potassium or insulin (pump) + glucose:potassium infusion. 


The most widely used recommendations, however, are variants 
on two themes: (1) SC insulin with IV dextrose; and (2) IV infu- 
sion of glucose and insulin either separately or together, generally 
with added potassium. 


Subcutaneous Regimens 

Several SC regimens are still recommended for use during sur- 
gery.” SC regimens allow little flexibility and the rate of absorp- 
tion, which is always variable, may be further compromised by 
changes in circulation and peripheral perfusion induced by anes- 
thesia. There seems little rationale for their continued use. In a 
summary of studies several years ago,” we showed that plasma 
glucose levels 0—1 hour postoperatively with subcutaneous regi- 
mens ranged widely, between 193-390 mg/dL (10.2-21.7 mmol/L) 
and 155-310 mg/dL (8.5-172 mmol/L) at 4 hours, compared with 
a mean of 189 mg/dL (10.5 mmol/L) and 186 mg/dL (10.3 mmol/L), 
respectively, when intravenous insulin regimens were used. Better 
outcomes have been reported in cardiac surgical patients using IV 
infusion of insulin compared with SC insulin.” The only exception 
may be day surgery under local anesthesia. 


Intravenous (IV) Regimens 

A variety of different routines have been proposed for the use 
of IV insulin. Some use a fixed infusion rate of insulin, modifying 
the glucose infusion according to blood glucose levels, whereas 
the converse method of keeping glucose infusion constant and 
varying the insulin infusion rate has also been suggested. Others 
have varied the initial insulin dose according either to preopera- 
tive blood glucose level or to previous insulin dose. Another 
group has devised a series of complex algorithms to determine the 
rate of insulin administration. We have summarized these differ- 
ent options previously.” There is still some support for the use of 
hourly IV boluses when pumps are not available.”* This does not 
seem logical or necessary and has been tested primarily in T2DM 
patients. 

Two main variants of insulin infusion protocols are now rec- 
ommended. These are: (1) combined insulin and glucose infu- 
sions with added potassium (GIK); and (2) insulin given by infusion 
pump with glucose (and potassium) given by separate infusion 
(IP/GK). In both cases potassium is necessary as insulin infu- 
sion lowers plasma potassium levels. Both regimens have their 
advantages, with GIK being safest. but both methods utilizing 


separate infusions are the gold standard for well-equipped, well- 
staffed centers. 


Glucose, Insulin, and Potassium (GIK) Regimen This system 
was originally designed for use in average general hospitals and 
needed to be simple, safe, and reproducible. Safety is ensured by 
glucose and insulin being in the same infusion so that their rates of 
infusion will be synchronously variable. It remains in use today es- 
sentially as it was first described in 1979.” The infusate comprises 
10 units regular insulin plus 10 mmol potassium chloride (KCI) in 
500 mL 10% dextrose given at 100 mL/h. Interestingly, this was 
not markedly different from a suggestion made by Galloway and 
Shuman in 1963.” Based on the original data, we subsequently in- 
creased the content of insulin to 16 units, giving 0.32 U/g glucose. 
Since the advent of U100 insulin, this has been modified to 15 units 
(0.30 U/g glucose). In one study, plasma glucose levels remained 
within the target range in 82% of cases and unexplained hypo- 
glycemia and severe hyperglycemia were avoided.*° Few com- 
parative studies have been made, although unequivocally better 
metabolic control has been shown than with SC insulin.*' The 
amount of insulin required varies to some extent, depending on the 
state of the patient and preexisting conditions. Table 37-3 shows 
amounts of insulin required in different states. These can be used as 
starting doses. 

Some have recommended the use of 5% rather than 10% dex- 
trose. We prefer the latter because it gives 240 g carbohydrate (960 
kcal) per 24 hours, rather than 120 g (480 kcal). It has been sug- 
gested that at least 150 g carbohydrate per day plus insulin is 
needed to inhibit hepatic glucose production and protein catabo- 
lism,” although this is somewhat arbitrary. Slower rates of admin- 
istration of more concentrated solutions of glucose are appropriate 


TABLE 37-3. Insulin Requirements During Surgery 


Condition Insulin (U)/Glucose (g) 
Normal weight 0.25-0.35 
Obesity 0.4 

Liver disease 0.4-0.6 
Steroid therapy 0.4-0.5 

Sepsis 0.5-0.7 
Cardiopulmonary bypass 0.9-1.2 
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when it is necessary to restrict fluid administration or when com- 
plex fluid replacement regimens are needed for other reasons. Thus 
50 mL/h of 20% dextrose or 20 mL/h of 50% dextrose may be 
used, given through a central line. 

There are some disadvantages to the GIK regimen. These in- 
clude the need to change the whole infusate bag if a change of in- 
sulin dose is needed, although this is surprisingly infrequent for 
routine operations. More important perhaps is that insulin is 
absorbed into the material that makes up IV fluid bags and infusion 
sets. The problem can be diminished by flushing the infusate 
through the infusion set. It is not a major problem in practice, but 
is avoided by using a more concentrated insulin solution in a 
syringe pump. 


Separate Insulin and Glucose Regimens Many centers, particu- 
larly in the U.S., prefer to give insulin separately using an infusion 
pump following the groundbreaking study of Taitelman and associ- 
ates.” This method certainly assures more precise delivery of in- 
sulin and allows speedy change of dose or infusion rate as required. 
It has also been used extremely effectively in children and adoles- 
cents.™ It is probably the gold standard because of its flexibility, 
but if it is not carefully monitored, there is a risk of giving glucose 
without insulin and vice versa. The same dosages of units of insulin 
per gram of glucose as those above also apply to this method. In- 
terestingly, in one study, separate infusions were preferred by the 
nursing staff and attained marginally better glycemic control than 
the GIK method.” 


Practical Guidelines 

Blood glucose and potassium should be checked on the mom- 
ing of surgery. Glucose can be measured with a test strip and meter, 
but it is axiomatic that this should be done only by properly trained 
staff. A simultaneous sample should be sent to the laboratory as a 
later check. If blood glucose is greater than 270 mg/dL (15 
mmol/L), surgery should be delayed, particularly if major surgery 
is planned. Either an attempt can be made to achieve control rap- 
idly using the GIK infusion with twice the usual insulin content (60 
U/L 10% glucose) or surgery may be delayed. Alternatively, in- 
sulin can be given at 4-6 Uhh by syringe pump. If blood glucose is 
greater than 400 mg/dL (22.2 mmol/L), then delay and restabiliza- 
tion are mandatory. 

The intravenous insulin and glucose infusion can be started 
when the surgical patient is due for his or her first insulin dose after 
being made NPO. The patient scheduled for moming surgery who 
is normally controlled on intermittent insulin injection therapy 
does not need to start intravenous insulin (with its requirements for 
hourly blood glucose monitoring) until just before breakfast the 
day of the procedure, despite stopping eating after the evening 
meal the day before. This allows the patient a near-normal night’s 
sleep. It is sensible to check the blood glucose at bedtime and at 
3.00 AM, as these are the times when the action of the evening’s 
subcutaneous regular and intermediate-acting insulins, respec- 
tively, will be waning. Supplemental subcutaneous regular insulin 
(25-50% of the patient’s usual premeal doses) can be prescribed 
for these times if the blood glucose is over 11 mmol/L, to avoid 
starting the intravenous insulin in a very hyperglycemic state. Sim- 
ilarly, the patient scheduled for afternoon surgery can be given a 
light breakfast with a suitably adjusted dose of regular insulin and 
intravenous insulinization started midmorning. 

The GIK regimen can be based on either 10% (preferably) or 
5% dextrose (Table 37-4). Careful monitoring of the plasma glu- 
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TABLE 37-4. Glucose-Insulin-Potassium (GIK) Infusion Proti 


Insulin dose (U/L) 
Plasma Glucose mg/dL Protocol A Prot 
<80 110 x) 
<120 15 J 
120-180 Leave unchanged 
>180 Ts 
>270 T 10 T 


A. 30 U regular insulin (human) + 20 mmol KCI in 1000 mL 20% dextrose. í 
100 mL/h. 


B. 15 U regular insulin (human) + 20 mmol KCI in 100 mL 5% dextrose. ( 
100 mL/h. 


cose is key. The first check after the fasting sample should 
2 hours or immediately preoperatively, whichever is first. P! 
glucose and potassium are measured again in the recovery 
and intraoperatively if it is a long operation. 

For the insulin pump regimen, it is usual to make a soluti 
regular insulin in saline or Gelofusin of 1 unit per mL, by pi 
50 units of the insulin in a 50-mL syringe and making the tota 
ume of solution 50 mL by adding the diluent. This means th 
pump setting, in mL/h, is numerically the same as the numt 
units per hour prescribed. More dilute solutions can be mac 
very insulin-sensitive subjects or children. The dextrose is giv 
in the GIK regimen—preferably 10% solutions at 50-100 1 
each liter containing 20 mmol potassium. The insulin infusio: 
is set at slightly less than the patient’s usual hourly require 
(total daily subcutaneous insulin doses divided by 24, or 2 U, 
adults if the daily dose is not known) for the a glucose ley 
120-180 mg/dL, and adjusted up or down according to h 
plasma glucose measurements made at the bedside (Table : 
The scale should be reviewed regularly and adjusted to ma: 
plasma glucose in the range of 120—180 mg/dL. 


T2DM Patients 

All patients left on their usual hypoglycemic drugs risk h 
glycemia in response to the stress of surgery and hypogly« 
in response to the lack of food intake. Patients on metformi 
insulin-sensitizing agent, are unlikely to become hypoglyc 


TABLE 37-5. An Example of the Separate Intravenous Gluco: 
and Insulin Regimen 


Plasma Glucose mg/dL Insulin U/h Insulin 
<80 0.5 0.5 

80-120 1.0 1.0 
121-160* 2.0* 2.0 
161-200 3.0 3.0 
201-250 4.0 4.0 
251-300 5.0 5.0 

>300 6.0 6.0 


*The regimen should be personalized to the patient, such that this dose is calcul 
the paticnt’s usual total daily insulin dose (all regular and intermediate- or long 
insulin doses taken in one normal day) divided by 24. The doses for measured 
glucose outside this range are then increased or reduced by | U/h for each range 
or below this target. The insulin scale can be rewritten if needed to keep plasr 
cose in the 121-160 mg/dL range. 


Glucose: 10% dextrose containing 20 mmol KCI per liter, 100 mL/h 


Insulin: 50 units regular insulin made up to 50 mL in 0.9% saline = 1 U/mL 
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but any fall in renal perfusion associated with the anesthesia or the 
surgery increases their risk of lactic acidosis. Sulfonylureas are in- 
sulin secretagogues and carry a high risk of hypoglycemia, espe- 
cially the longer-acting agents such as glyburide, and with this 
agent hypoglycemia is likely to be both late in onset and prolonged. 
There are no data on surgery in patients on thiazolidenediones or 
meglitinides. In all cases the drugs should not be taken on the day 
of surgery. Long-acting sulfonylureas should perhaps be withdrawn 
sooner. Our previous recommendation that metformin be stopped 
two or three days preoperatively are not justified by its pharmaco- 
kinetics, and this too can just be withheld on the operative day.” 

The main determinants of therapy in the T2DM patient are: 
(1) the seriousness of the surgical procedure; and (2) the metabolic 
state of the patient on the day of surgery. The exception is the 
insulin-treated T2DM patient, who should be treated as a TIDM 
patient. 

There is general agreement that the patient who is well con- 
trolled on diet alone or diet plus sulfonylureas does not require any 
specific therapy for minor surgery. Indeed it has been shown that 
new metabolic abnormalities may be produced by use of insulin in- 
fusions in this group,”’ although blood glucose values did reach a 
mean of 200 mg/dL (10 mmol/L) postoperatively in the untreated 
patients. In other studies we have shown pre- and postoperative 
glucose values of 140-155 mg/dL in such patients, well within the 
desirable target range. 

There is more controversy as to how the poorly-controlled 
T2DM patient should be treated for minor surgery. Some still ad- 
vocate no specific therapy, but this seems unwarranted and a glu- 
cose/insulin infusion regimen would seem appropriate. A fasting 
plasma glucose of 200 mg/dL (11.1 mmol/L) is an appropriate cut- 
off, because metabolic deterioration seems to occur with minor 
surgery only at higher levels. 

Many different regimens have been suggested for metabolic 
control during major surgery in T2DM patients. One group has 
even suggested no insulin and no glucose.”® It is logical and sim- 
pler, however, to use the same regimen as for TIDM patients. This 
does give similar results in terms of glycemic regulation. 


Practical Guidelines: Minor Surgery 

Preoperatively, control should be improved and long-acting 
sulfonylureas should be stopped as discussed above. On the day of 
surgery, drug therapy is withheld and fasting blood glucose checked 
with a test strip and meter. If blood glucose is <200 mg/dL, surgery 
is carried out as planned. If blood glucose is >200 mg/dL, a stan- 
dard GIK or IP/GK protocol is commenced and the patient treated 
as a TIDM patient. It should be noted that many T2DM patients are 
obese and may need 40 U insulin/L 10% glucose in a GIK regimen 
rather than the standard 30 U. 


Practical Guidelines: Major Surgery 

Preoperatively, control should be optimized and short-acting 
insulin therapy used for the 24-48 hours before operation, if 
possible, in patients with unsatisfactory glycemic control. On the 
morning of surgery sulfonylurea therapy is withheld, an infusion 
regimen is commenced, and the fasting blood glucose level is 
checked. Thereafter management is as for the T1DM patient. 


Postoperative Management 

In all patients who have received GIK, blood glucose should be 
checked every 1-2 hours following surgery until stable glycemia is 
achieved, and then every 4 hours. Potassium should be checked 


6 hours postoperatively and again on the following day, although it 
is rare to have to change the potassium content of the infusate. The 
GIK or separate insulin/glucose infusions are continued until the 
patient begins to eat again. At that time the usual preoperative SC 
insulin dose is given. The GIK mixture should be continued for 
another hour or so to allow absorption of some of the SC dose. If 
resumption of feeding is delayed, then parenteral nutrition can be 
instituted with insulin still given by the IV route. In this situation it 
should be given via a separate line using an infusion pump. 

In T1DM patients who have not received GIK, their usual ther- 
apy is recommended with the first meal. Blood glucose should be 
monitored immediately postoperatively and pre- and 2-hour post- 
meal glucose monitoring done until stable values are obtained. 

Good glycemic control postoperatively is paramount. It has 
been clearly shown that wound infections are fewer in better- 
controlled patients, although a precise threshold has not been 
established.**? 


SPECIAL SITUATIONS 
Day Surgery 


In recent years there has been a dramatic increase in day or outpa- 
tient surgery. Nowadays nearly half of all surgical procedures are 
performed on a day surgery or outpatient basis, and the proportion 
is rising worldwide. It is certainly not necessary for all diabetic pa- 
tients to be excluded from this group. 

In T2DM patients, day surgery is appropriate for all minor 
procedures. However, preoperative assessment a few days before 
surgery is a sine qua non.” Patients should be treated as outlined 
above and scheduled for operation early in the day. Cataract sur- 
gery under local anesthesia in T2DM patients is entirely safe as an 
outpatient or day procedure.*! 

Insulin-treated patients may present a greater problem, but with 
appropriate preoperative assessment, the availability of blood glu- 
cose monitoring equipment, and good patient education; they can 
also be treated as day patients. Particular care will be needed for pa- 
tients using long-acting analogs, the dose and which may need ad- 
justing. The patients should also be scheduled for early operation 
and should be given IV insulin as discussed above. Subcutaneous 
insulin is recommended as soon as possible postoperatively and ap- 
propriate carbohydrate given. This applies of course to minor sur- 
gery. Blood glucose levels should be checked at the bedside hourly. 


Emergency Surgery 


Emergency surgery is at least as likely in the diabetic as the non- 
diabetic subject. Management will depend to a large extent on the 
metabolic condition of the patient. Surgical emergencies, particu- 
larly if there is underlying infection, can cause rapid metabolic de- 
compensation with dehydration, hyperglycemia, and ketoacidosis. 
Uncontrolled diabetes may also be precipitated in patients not pre- 
viously known to have diabetes. One trap for the unsuspecting is 
that patients with diabetic ketoacidosis (DKA) can present with 
symptoms indistinguishable from those of an acute abdomen. In 
these patients, the signs and symptoms resolve on metabolic cor- 
rection. A useful rule of thumb is that if such patients are less than 
20 years old, the problem is more likely to be metabolic, whereas if 
they are older, a genuine surgical emergency should be suspected. 
The sensible approach in such patients is to manage conservatively 
in the early stages with the emphasis on correction of the metabolic 
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derangement. If the problem is metabolic rather than surgical, then 
it will resolve in the next 3—4 hours. 


Practical Guidelines 

In all cases blood should be sent for immediate analysis of glu- 
cose, urea, and electrolytes as well as arterial pH and gases if 
clinically warranted. Plasma, urine, or both should be checked for 
ketones. It should be remembered that in the DKA patient, a raised 
white cell count does not necessarily indicate infection, but corre- 
lates with stress and blood ketone body levels. 

If the patient is in early or established DKA, the first priority is 
metabolic management. Surgery should be delayed by 3—4 hours if 
at all possible. This will allow resolution of the pseudoacute ab- 
domen as well as putting the patient in a better state to withstand 
the stress of surgery. Treatment comprises rapid saline infusion and 
insulin delivery via an infusion pump at 6 U/h. Potassium should 
be given in the saline (20 mmol/h), assuming adequate renal func- 
tion. Glucose should be monitored hourly and electrolytes checked 
after 2-4 hours. Once blood glucose concentration has fallen below 
270 mg/dL (15 mmol/L), a standard GIK or insulin pump regimen 
can be commenced, but with 40 U insulin/L 10% glucose for GIK 
or its equivalent because patients will be insulin-resistant. Blood 
glucose should be monitored hourly and the insulin content of the 
infusion increased if necessary. 

In patients without severe metabolic disturbance, initial dia- 
betic management is with a GIK or IP/GK protocol. Again, a higher- 
than-usual insulin concentration is likely to be needed. 


Cardiopulmonary Bypass Surgery 


Diabetic patients have a high prevalence of coronary artery disease 
and are therefore likely to undergo coronary artery bypass grafting. 
Morbidity and mortality are higher in the diabetic than the nondia- 
betic patient“? and it is possible that the intraoperative management 
of the diabetes contributes to this. Cardiopulmonary bypass (CPB) 
surgery involves the use of large volumes of exogenous fluid, hy- 
pothermia, and adrenergic agents, all of which can affect metabolic 
homeostasis. In the past, pump-priming fluids have often contained 
glucose and lactate. These should be avoided in the diabetic patient 
and replaced with plasma-like primers. 

CPB is known to be associated with severe insulin resistance. 
When GIK is used for glycemic control, insulin:glucose ratios of 
1-1.6 are needed, in contrast to the 0.3—0.4 used for routine elec- 
tive surgery. Good results may be achieved by infusing insulin 
alone, with monitoring of blood glucose every 15-30 minutes by 
the anesthesiologist in the operating suite. Insulin requirements 
vary between 5 and 12 U/n. GIK is then introduced postoperatively. 
Clear indication of the benefits of using GIK therapy in diabetic pa- 
tients undergoing coronary artery surgery has been reported.” 

It has also been suggested that hyperglycemia is associated 
with poor outcomes in diabetic patients undergoing cardiovascular 
surgery,“ particularly in the elderly.** This may well reflect ef- 
fects on the CNS as well as impaired resistance to infection and im- 
paired wound healing. 


MORBIDITY AND MORTALITY 


Factors influencing outcome in the diabetic include cardiovascular 
disease, liability to infection and poor wound healing. The latter 
can be counteracted by good glycemic regulation. However, car- 
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diovascular disease is a major cause of death in the peri- and post- 
operative periods. 

Conflicting data have been published on whether diabetic pa- 
tients have poorer outcomes following surgery. In general, poor 
outcome was related to poor glycemic control. Nowadays with 
good management of the diabetes, morbidity and mortality should 
be little increased in the diabetic population except in those with 
severe cardiovascular disease. 


SUMMARY AND CONCLUSIONS 


Surgery in the diabetic patient poses special problems—not only 
the metabolic problems of diabetes, but the susceptibility of the pa- 
tient to cardiovascular disease, neuropathy, and infection also put 
the patient at special risk. Surgical stress is accompanied by in- 
creased secretion of the counterregulatory hormones and cytokines 
with resultant insulin resistance, inhibition of insulin secretion, and 
hyperglycemia. In T1DM patients without the ability to secrete 
more insulin, this will lead to metabolic deterioration. In T2DM 
patients with sluggish insulin secretion, there is already insulin 
resistance, and metabolic deterioration will also occur. The extent 
of the stress response to surgery depends, however, on the severity 
of the operation. Minor surgery leads to only minor metabolic 
derangement. 

Therefore, in the well-controlled T2DM patient it is sufficient 
to withhold regular therapy on the day of surgery. In the poorly- 
controlled T2DM patient and in all T1 DM subjects, insulin therapy 
is required. Many regimens have been proposed. The simplest is 
the combined glucose-insulin-potassium (GIK) infusion, which 
can be used from the morning of surgery until the patient is eating 
again. In better-staffed and -equipped centers, insulin can be given 
by separate infusion pump. Meticulous monitoring of plasma glu- 
cose is essential and appropriate sliding scales used to regulate 
dosage. 

Certain special situations are also found. With proper attention 
to preoperative assessment, day surgery is safe for diabetic patients 
for minor operations. Emergency surgery is more common in the 
diabetic subject. The sine qua non is to correct any severe meta- 
bolic disturbance before embarking on surgery. The GIK or insulin 
pump regimen is then used. Cardiopulmonary bypass surgery is 
also a particular problem in diabetes patients because of massive 
insulin resistance. Here insulin is given intraoperatively without 
accompanying glucose, standard IV insulin being reinstituted post- 
operatively. 

With appropriate care, the outcome of surgery in the diabetic 
patient should be little worse than in the nondiabetic patient when 
matched for clinical status, particularly cardiovascular disease. 
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CHAPTER 38 


The Mother in Pregnancies Complicated 


by Diabetes Mellitus 


Boyd E. Metzger 
Richard L. Phelps 
Sharon L. Dooley 


In 1882, in one of the first published reports of diabetes in preg- 
nancy,’ J. Mathews Duncan qualified his clinical observations with 
the following prescient caveat: 


The advance of physiology makes it certain that pregnancy 
brings about important changes in the quantity or constitution 
of the blood, the bones, the skin, and its appendages, the heart, 
and the great glands, and makes it highly probable that every 
solid and fluid constituent of the frame is profoundly modified 
for the time. 


He therefore suggested that the effects of pregnancy upon any dis- 
ease should only be evaluated in the context of the changes that 
occur in the course of normal pregnancy. Insofar as normal preg- 
nancy profoundly affects every aspect of intermediary metabo- 
lism,” the comments of J. Mathews Duncan remain particularly 
germane to the relationships between diabetes and pregnancy. 


METABOLIC ADAPTATIONS 
IN NORMAL PREGNANCY 


Clinical Features of Carbohydrate 
Metabolism in Pregnancy 


Alterations in carbohydrate metabolism are especially prominent in 
the second half of pregnancy.” Historically, it was observed that the 
disposition of administered glucose is only minimally altered in the 
normal gravida, whereas the hypoglycemic response to insulin is 
markedly attenuated.*° This dichotomy has long suggested that an 
enhanced resistance to insulin action exists as part of normal preg- 
nancy, so that an increased elaboration of insulin is required to main- 
tain normal glucose tolerance.° Pregnancy is, therefore, a truly phys- 
iologic challenge to insulinogenic reserve. The histologic finding of 
islet cell hyperplasia during normal gestation and clinical experi- 
ence in subjects with diminished or absent pancreatic B-cell reserve 
are in accord with this premise. Thus, pregnancy may be attended by 
onset or first recognition of carbohydrate intolerance (i.e., gesta- 
tional diabetes mellitus [GDM]’~’), and substantial increases in the 
requirements for insulin may supervene in women with known in- 
sulin-requiring diabetes (i.e., pregestational diabetes mellitus). The 


changes parallel the growth of the conceptus: they become increas- 
ingly manifest as the conceptus rapidly increases in mass from 
weeks 20-24 of pregnancy onward, and they are promptly reversed 
following expulsion of the conceptus. ° Accordingly, in the immedi- 
ate postpartum period, normal glucose tolerance returns in most 
women with GDM, and insulin requirements decline precipitously 
to nongravid levels in patients with insulin-requiring pregestational 
diabetes. These temporal correlations have implicated the conceptus 
in the diabetogenic challenges that are part of normal pregnancy. "° 


Metabolic Contributions of the Conceptus 


The conceptus (fetus and placenta) arises de novo; several of its 
functional properties exert metabolic effects during its develop- 
ment.'' Maternal insulin does not cross the placenta, although 
some may be sequestered and bound there.’ Insulin can also be 
degraded in the rat and human placenta, and the degradation coin- 
cides with accelerated removal of insulin from the maternal circu- 
lation in polytocous species, such as the gravid rat.'?'* In monoto- 
cous species such as humans, blood flow to the placenta represents 
a relatively smaller proportion of cardiac output than it does in 
rodents." Nevertheless, Catalano and colleagues'™'’ have recently 
confirmed a moderate increase in insulin clearance in normal preg- 
nancy and in GDM. 

In contrast to the modest effects of human pregnancy on in- 
sulin tumover, dramatic changes occur in insulin secretion and in- 
sulin action.'° In early pregnancy, basal insulin concentrations are 
unchanged, and insulin responses to oral or intravenous glucose are 
only minimally increased.'*'*?° On the other hand, basal and 
stimulated values for plasma-immunoreactive insulin are greatly 
increased in late human pregnancy.'*?*-? It has been documented 
that the increase in circulating levels of immunoreactive material 
truly represents insulin rather than immunoreactive components 
with lesser biological potency.”*** In normal lean subjects, insulin 
sensitivity begins to decrease by the end of the first trimester of 
pregnancy'® and is greatly reduced in late gestation. "7275 

Some quantitative estimations have been made. Pooled data 
from a number of laboratories indicate that the total output of insulin 
in response to oral glucose increases two- to threefold throughout 
pregnancy.” More detailed recent analyses of intravenous glucose 
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tolerance have shown that during the third trimester the first and sec- 
ond phases of glucose-stimulated insulin release are increased about 
threefold in normal gravida. This “extra” insulin compensates for a 
reduction of approximately 40-60% in the responsiveness of the pe- 
riphery to insulin action.'”'*? The temporal patterns of insulin sen- 
sitivity before conception and during early and late gestation in nor- 
mal pregnancy and gestational diabetes mellitus are shown in Fig. 
38-1. When the integrated values for insulin secretion in response to 
glycemic challenge at various points in gestation are expressed as 
percentages of the values observed with similar challenges in non- 
pregnant subjects, the curvilinear pattern of progressive increases 
simulates the growth pattern of the conceptus (Fig. 38-2).'° 

Two properties of the developing conceptus have been impli- 
cated in the diminished sensitivity (i.e., the increased resistance) to 
insulin in late pregnancy: the endocrine function of the conceptus 
and the effects of the conceptus on maternal fuels. The precise 
mechanisms through which either of these properties of the con- 
ceptus could alter insulin sensitivity have not been fully eluci- 
dated.”° Insulin resistance appears to be present in liver, adipose 
tissue, and skeletal muscle. The binding of insulin to receptors on 
circulating monocytes or erythrocytes, hepatocytes, and skeletal 
muscle is not diminished in human pregnancy, and it is clear that 
the insulin resistance of late human pregnancy is mediated by 
events distal to the binding of ligand to receptor. =”? 

However, efforts to pinpoint specific pathways that are respon- 
sible have yielded variable results. Content of GLUT4 transporters 
have been reported to be unaffected by pregnancy in muscle tissue 
of humans” and rats.** By contrast, GLUT4 transporters have re- 
ported to be reduced in adipose tissue of pregnant rats** and hu- 
mans with normal pregnancy or GDM.” Insulin-stimulated tyro- 
sine kinase activity of hepatic insulin receptors was reported to be 
decreased in rats during late pregnancy.”! In another study,** au- 
tophosphorylation of skeletal muscle insulin receptors was re- 
ported to be unaffected by normal pregnancy or GDM. Recently, 
Shao and coworkers” investigated skeletal muscle insulin receptor 
tyrosine kinase activity in obese women with GDM or normal 
pregnancy. They found no changes under basal conditions, but 
insulin-stimulated insulin receptor function was impaired. They at- 


FIGURE 38-1. Longitudinal changes in insulin sensitivity in women with 

normal pregnancy or gestational diabetes mellitus. Data from before preg- 

nancy (pre-gravid) and carly and late pregnancy are expressed as insulin 

sensitivity index (mean + SD). Solid bars, controls: hatched bars, women 

who developed GDM. (Adapted with permission from Catalano et al.) 
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FIGURE 38-2. Effect of pregnancy on stimulated insulin secretion. The in- 
creases in plasma insulin above basal values following stimulation with 
glucose were summated to assess net secretory response. Published values 
from normal pregnant and nonpregnant women have been employed to 
derive the comparisons depicted previously. (Reproduced with permission 
from Freinkel.!°) 


tributed this to tyrosine kinase inhibition by increased levels of a 
cell membrane glycoprotein-1 (PC-1), which resulted in increased 
rates of serine/threonine phosphorylation and reduced levels of ty- 
rosine phosphorylation. 


The Conceptus as an Endocrine Structure 

Increased secretion of progesterone, human placental lactogen 
(HPL: human chorionic somatomammotropin [HCS]), and estro- 
gen by the placenta during pregnancy tends to parallel the growth 
of the conceptus.'” Each hormone has been shown to augment islet 
secretory responsiveness and to alter the sensitivity to insulin ac- 
tion in the periphery, although the status for estrogen remains 
somewhat controversial.*” For example, HCS can exert lipolytic ef- 
fects in vitro? may induce insulin resistance in nongravid subjects 
when infused overnight in amounts designed to simulate the 
plasma levels that prevail during late gestation,” and has direct 
effects on islet structure and function. Similarly, administration 
of progesterone to nongravid subjects can increase stimulated as 
well as basal insulin secretion*’ and can augment such metabolic 
processes as gluconeogenesis. Estrogen can augment hepatic gen- 
eration of circulating lipoprotein.” 

Thus. these hormones. which appear in ever-increasing 
amounts coincident with increasing placental mass, can create a 
metabolic setting distal to receptor binding in which the efficacy of 
a given amount of insulin is blunted and islet secretory perfor- 
mance is augmented. Moreover, their elaboration by the placenta is 
affected only minimally,*? if at all, by the normal alimentary excur- 
sions of circulating nutrients. Consequently. although the acute hy- 
perinsulinemia can offset their contra-insulin potentialities in the 
fed state. they are relatively unopposed in the fasted state. The find- 
ing that intrinsic rates of lipolysis and re-esterification are in- 
creased in adipose tissue isolated from rats” or humans*® in late 
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gestation, even when sampling is performed in the fed state,” is 
consistent with this proposition. 

Prolactin of pituitary and decidual origin and the human 
growth hormone variant (hGH-V) of placental origin’ may also 
play some role in promoting resistance to insulin action.” How- 
ever, the precise metabolic contributions of these peptides during 
pregnancy remain to be defined. Some endocrine influences, not di- 
rectly of intrauterine origin, may also contribute meaningfully. 
Glucocorticoids appear to be particularly important in this re- 
gard.*° In human pregnancy, the exposure of maternal tissues to 
glucocorticoids is increased twofold above nongravid values," and 
an absolute increase of circulating free cortisol in the mother is 
well documented.” It seems unlikely that these glucocorticoids are 
of fetal origin, or that autonomously functioning placental corti- 
cotrophin or corticotrophin-releasing factor activity? are responsi- 
ble, since normal diurnal rhythms of cortisol secretion are 
preserved.” Instead, maternal hypothalamic-pituitary feedback ap- 
pears to be operative at a higher setting, perhaps as a result of the 
increased availability of sex steroids. Currently, potential roles of 
tissue necrosis factor-a** and the recently discovered hormone of 
adipose tissue origin, leptin, are being investigated intensively.” 


Effects of the Conceptus on Maternal Fuels 

Some abstraction of maternal fuels by the growing conceptus 
occurs continuously. Many of the nutrients are cleared from the 
maternal circulation in a concentration-dependent fashion” and are 
deployed for structural growth and development as well as oxida- 
tive needs. The fluxes are considerable: glucose utilization by the 
human fetus at term has been estimated to be 6 mg/kg/min* (in 
contrast to a rate of 2-3 mg/kg/min in normal adults*’). Growth of 
the human fetus during the third trimester requires the net transpla- 
cental transfer of 54 millimoles of nitrogen per day.” Conse- 
quently, maternal mechanisms for conserving 3-6-carbon nutrients 
may be compromised meaningfully as the pregnancy progresses 
and the fuel needs of placenta and fetus escalate.'' 

Dietary deprivation during the latter half of pregnancy elicits 
more rapid and profound mobilization of fatt and exaggerated 
increases in plasma and urinary ketones.” A greater and more 
rapid fall in maternal blood sugar”! and amino acids®' is also 
seen coincident with greater activation of intrahepatic gluconeoge- 
nesis’”°>*° and renal ammoniagenesis.°?°! The reduction in blood 
sugar may progress to frank hypoglycemia. It has been demon- 
strated that glucose turnover after overnight fast is increased in late 
human pregnancy,” as previously demonstrated in rodents.® This 
fasting hypoglycemia of pregnancy has been viewed as a substrate 
deficiency syndrome™ and ascribed to a failure of amino acid mo- 
bilization to “keep up” with rates of glucose removal.°”™ The inte- 
grated modifications of the fasted state in late pregnancy have been 
designated accelerated starvation.''' 

Such features of “accelerated starvation” as enhanced ketone- 
mia, increased urinary nitrogen, and exaggerated decrements in 
fasting plasma glucose (FPG) and circulating gluconeogenic amino 
acids are already manifest during midpregnancy.°'*™ Some of the 
phenomena can be replicated by administering the hormones of 
pregnancy to nongravid subjects.° 7 However, in pregnant rats, 
the difference in the metabolic response to fetectomy vs. hysterec- 
tomy suggests that full expression requires the presence of an intact 
conceptus.® Thus, at least part of the “accelerated starvation” must 
be ascribed to the continued abstraction of essential maternal nutri- 
ents by the growing placenta and fetus. 

There has been some question as to whether “accelerated star- 
vation” occurs under conditions that obtain in standard clinical 
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practice. However, it has been shown that the increases in plasma 
free fatty acids (FFAs), glycerol, and ketones and the reductions in 
plasma glucose and amino acids that are seen just before lunch 
when breakfast has been withheld are significantly greater in 
gravid than in nongravid women.’** Thus, the common clinical 
practice of “skipping breakfast” for laboratory tests or other clini- 
cal procedures may not be without meaningful metabolic conse- 
quences in late normal pregnancy. 

Significant metabolic alterations are also seen in the fed state. 
The ingestion of glucose after overnight fast in late normal preg- 
nancy elicits a greater and more prolonged increase in blood sugar, 
a greater increment in plasma very low-density lipoproteins,'™”* 
and a greater concurrent fall in plasma glucagon'**’>-” (Fig. 
38-3). These changes in circulating glucose concentration are a 
manifestation of the insulin resistance of late gestation and are at- 
tended and perhaps facilitated by a delayed and reduced fall in FFA 
concentrations.’*”° This characteristic metabolic response has been 
designated facilitated anabolism.'°”*-® Since glucose crosses the 
placenta in concentration-dependent fashion,®® the exaggerated 
hyperglycemia after glucose ingestion in late pregnancy results in 
greater availability of the dietary glucose for transplacental transfer. 
The increased plasma triglycerides can abet this objective by substi- 
tuting for some of the circulating glucose as oxidative fuel in the 


FIGURE 38-3 Effect of pregnancy on the response to oral glucose after 
overnight fast. Changes in plasma glucose, triglycerides, immunoreactive 
insulin, and glucagon are expressed as net increments or decrements from 
basal values after administration of 100 g oral glucose following a 14-hour 
overnight fast. The same normal women were used for paired “pregnant” 
vis-a-vis “postpartum” comparisons. (Reproduced with permission from 
Freinkel.!°) 
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mother and thereby “sparing” glucose for transplacental flux. More- 
over, since little if any triglyceride crosses the placenta,*' the carbo- 
hydrate-induced hypertriglyceridemia may also enable some of the 
ingested glucose to be retained for subsequent recall as triglyceride- 
glycerol or fatty acid during lipolysis in the fasted state. 

Finally, the greater suppression of glucagon”? immediately 
after glucose ingestion may also “facilitate anabolism” in the fed 
state: it would blunt the contributions of glucagon to ongoing glu- 
coneogenesis and ketogenesis and so spare ingested amino acids for 
maternal or fetal access. After disposition of the carbohydrate com- 
ponent of “mixed meals,” the well-preserved response of the a cells 
to amino acid stimulation of glucagon secretion®* could help to to 
re-establish gluconeogenesis and so prevent exaggerated postpran- 
dial hypoglycemia and the full return to accelerated starvation. 


PATHOPHYSIOLOGY OF DIABETES 
AND PREGNANCY 


Morbidities associated with diabetes mellitus may affect both the 
pregnant woman and her offspring. This is illustrated by data from 
the preinsulin era, when maternal mortality approached 25%.** For 
several years after insulin treatment became widely available, peri- 
natal mortality remained very high.” At the present time, maternal 
deaths have been largely eliminated. Under optimal circumstances, 
intrauterine fetal deaths are uncommon, and the incidence of 
neonatal deaths, except for those due to major congenital malfor- 
mations, approaches that of the general obstetric population. How- 
ever, other less extreme morbid outcomes continue to be common. 


Effects of Diabetes on Pregnancy 


Because newborns of pregnancies in which just the father has dia- 
betes appear to develop normally,**** it is believed that morbidities 
in the offspring are due to abnormalities in the maternal metabolic 
environment, rather than genetic influences. 

The late Jorgen Pedersen was the first to propose a mechanism 
whereby maternal fuels may exert a direct effect on the fetus. In at- 
tempting to explain the “large babies” that were often seen in preg- 
nancies complicated by diabetes, he advanced the hyperglycemia- 
hyperinsulinism hypothesis.” He postulated that more maternal 
glucose gains access to the fetus whenever maternal insulin is inad- 
equate and that this “extra” glucose stimulates insulin release in the 
fetus and thereby produces an increase of fetal mass. Subsequent 
work demonstrated that all maternal fuels may be awry in even the 
mildest forms of gestational diabetes and may increase the nutri- 
ents available for fetal growth, B-cell hyperplasia, and the prema- 
ture activation of insulin secretion that Pedersen postulated. Ac- 
cordingly, we later proposed that the Pedersen hypothesis be 
modified to include those maternal fuels besides glucose that are 
also regulated by maternal insulin (see Chap. 39, Fig. 39-1), and 
we likened pregnancy to a “tissue culture experience” since most 
of these fuels cross the placenta in concentration-dependent fash- 
ion.** Thus, their concentrations in the maternal circulation may 
determine the quantitative as well as qualitative characteristics of 
the “incubation medium” in which the conceptus develops. 

In his 1980 Banting Lecture,” the late Norbert Freinkel formu- 
lated the concept of fuel-mediated teratogenesis to draw attention 
to the relationships between maternal metabolism and fetal devel- 
opment throughout gestation. According to this hypothesis, the ad- 
verse effects of a metabolic disturbance would be conditioned by 


the time in gestation when the event occurred and which cells were 
undergoing a critical stage of terminal differentiation at the time 
(Fig. 38-4). Thus, metabolic perturbations during organogenesis 
might be implicated in congenital malformations; those occurring 
in the second trimester might initiate pancreatic B-cell hyperplasia 
or have an impact on CNS development; a surfeit of metabolic 
fuels in late gestation might augment adipose tissue proliferation, 
fat synthesis, fetal obesity, and macrosomia. In the intervening 
two decades, much evidence has been collected in support of this 
hypothesis. 


Congenital Malformations 

and Early Fetal Loss 

Experimental, clinical, and epidemiologic studies indicate that 
the increased risks of congenital malformations and spontaneous 
abortions in pregnancies complicated by diabetes are linked to dis- 
turbances in maternal metabolism around the time of concep- 
tion.'°*?' The frequency of spontaneous abortions increases in 
direct proportion to glycohemoglobin concentrations measured in 
early pregnancy.” The relationship between metabolic control 
and the risk of congenital malformations is more difficult to define 
(Fig. 38-5). The NIH-supported Diabetes in Early Pregnancy 
(DIEP) study found a 4.9% incidence of birth defects in patients 
recruited within 2] days of conception, a rate approximately 
twofold that in the nondiabetic control group (2.1%; p = 0.027). 
Most of the early entry DIEP study subjects were in fair to good 
glycemic control (glycohemoglobin within 7 standard deviations 
of the mean for controls in 93% of cases) during the first trimester. 
Green and colleagues” reported a prevalence of congenital anom- 
alies of about 5% (almost identical to that of the DIEP Study) until 
first trimester glycohemoglobin concentrations exceeded the mean 
control value by 10-12 standard deviations (poor metabolic con- 
trol), beyond which the rate of malformations increased greatly. 

Exposure of rodent embryos in culture to marked hyper- 
glycemia or rodent fetuses in vivo to severe maternal diabetes is as- 
sociated with severe alterations of metabolic pathways including 
disruptions of signaling pathways, oxidative stress, and increased 
generation of free radicals.2°°°°*""™ Any one or all of these distur- 
bances may contribute importantly to diabetic embryopathy. How- 
ever, even though the precise time or the duration of exposure to an 


FIGURE 38-4. The hypothesis of “fuel-mediated teratogenesis.” It has been 
postulated that phenotypic gene expression in the newly forming cells of 
the conceptus may be modified by ambient fuels and fuel-related products 
during intrauterine development. Potential long-range effects will depend 
on the period in gestation during which maternal fuels and fuel-related 
products are aberrant and the cells that are undergoing development at that 
time. (Adapted with permission from Freinkel.'°) 
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THERAPEUTIC DILEMMA IN EARLY DIABETIC PREGNANCY 
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FIGURE 38-5. Therapeutic dilemma in treatment with insulin during early human pregnancy. Hypoglycemia dur- 
ing the period of glycolytic dependence in the rodent embryo has been shown to be teratogenic. Whether the 
human embryo is similarly vulnerable during the corresponding developmental interval (i.e., about days 16-18 to 
days 24-25 post conception) has not been established. Moreover, the thresholds for the various factors in mater- 
nal serum that account for teratogenesis of diabetes (broadly designated above as “hyperglycemia™) have not been 
ascertained. Thus, the optimal target for metabolic regulation before and during the first 4-6 weeks after concep- 
tion has not yet been precisely established. (Adapted with permission from Freinkel.”). 


abnormal metabolic environment necessary for adverse events to 
develop in the human embryo has not been pinpointed, substantial 
insight has been gained regarding their prevention. Several groups 
have reported encouraging results from efforts to provide counsel- 
ing and improved control of diabetes mellitus prior to conception. 
In such circumstances, rates of major congenital malformations do 
not appear to be greater than expected in general obstetric popula- 
tions; however, the studies have not included data on rates of mal- 
formation in concurrently examined controls.'°*'° In Denmark, 
where the majority of pregnancies in women with diabetes are now 
planned, a nationwide decline in congenital malformations from 
7.4 to 2.7% has been reported." These developing trends have 
stimulated efforts to educate both health care professionals and pa- 
tients concerning the benefits of preconception care. Unfortunately, 
the level of compliance in the United States remains substantially 
below that of the Danish population mentioned above. "° 


Disturbances in Fetal Growth 

Neonatal macrosomia (traditionally defined as birthweight in 
excess of 4000 g or above the 90th percentile for gestational age) is 
a frequent complication of pregestational as well as GDM. In- 
creased adiposity is the primary component of the macrosomia. 
Early measurements of fat cell number, size, and lipid content indi- 
cated that infants of diabetic mothers may have almost twice as 
much body fat as infants of normal mothers.''!!!? Skinfold meas- 
urements at birth (an index of subcutaneous fat) have been used to 
document this adiposity and may correlate with the antecedent 
metabolic regulation.''*:''* Infants of diabetic mothers tend to have 
significantly increased adiposity at their shoulders,''> which 
heightens the likelihood of shoulder dystocia, birth trauma, and ce- 
sarean section delivery. Using carefully standardized methods for 
neonatal anthropometry, Catalano’s group''® has recently demon- 
strated an increased body fat content in offspring of mothers with 
GDM, even when total body weight was not increased above that 


of the controls. Other insulin-sensitive tissues such as liver an: 
heart are also often enlarged in offspring of diabetic mothers.''? Al 
though skeletal growth may not be dependent on insulin action, . 
modest increase in fetal height (length) is commonly found. Hea: 
size, although normal, often appears small because of the concur 
rent truncal obesity. 

In lieu of more direct estimates of body fat content, Far 
quhar'"” first used a simple expression of the relative proportional 
ity between weight and height, which has been termed the symme 
try index [SI]) for clinical evaluation of the disparate growth o 
“insulin-sensitive” tissues. SI is calculated from the relationship 
between relative weight, Wt, (i.e., observed weight/50th percentil: 
weight), and relative height. Ht, (i.e., observed height/50th per 
centile height), at that time, i.e., SI = Wt,/Ht,. Thus, whereas ii 
symmetrically grown infants the SI would be expected to approac! 
unity, in macrosomic infants with excessive weight-for-length, th: 
SI is often greater than 1.2. 

SI values in offspring of diabetic mothers have correlated wit 
increased levels of several fuels in the maternal circulation in th 
second as well as the third trimester''*® and with increased insulii 
or C peptide in amniotic fluid and cord blood, consistent with pre 
mature activation of fetal islet function.''*'?° Others have als: 
demonstrated correlation between amniotic fluid insulin or C pep 
tide and neonatal macrosomia and morbidity in diabetic pregnan 
cies.'*"'?? Persson and colleagues,'* like the Northwestern Uni 
versity workers,''® have found that the premature activation of feta 
islets correlates with maternal levels of insulinogenic amino acid 
as well as glucose. 

Most infants who are large for gestational age, based on birth 
weight as the sole criterion, are born to women with normal carbo 
hydrate tolerance. '*4 Thus, gross birthweight is not a specific inde: 
of the effects of maternal diabetes on excessive fetal growth ii 
late pregnancy, rather, asymmetric growth (with hypertrophy o 
insulin-sensitive tissues relative to those tissues whose growth i 
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little influenced by fetal insulin) is the characteristic feature of dia- 
betic fetopathy. This asymmetric growth can be ascertained in utero 
by serial ultrasound measurements of the fetal abdominal circum- 
ference, which includes tissues manifesting “insulin-sensitive” 
growth (e.g., subcutaneous fat, liver), and fetal head circumference 
or biparietal diameter, which includes tissues whose growth is rela- 
tively “insulin-insensitive” (e.g., bony calvarium, brain).''” 

Excessive increase in abdominal circumference in the presence 
of normal head growth connotes the fetal macrosomia of diabetes 
mellitus. Fetal humeral soft tissue thickness has been shown to be 
an even more accurate predictor of asymmetric fetal growth, as con- 
firmed by examination of the neonate.'?* Buchanan and cowork- 
ers'*® have used relative increase in abdominal circumference to 
identify pregnancies in GDM that are at high risk for macrosomic 
infants and to target this subgroup for more intensive medical ther- 
apy with diet and/or insulin. Finally, heavy neonates born to women 
with diabetes mellitus may not always represent examples of dia- 
betic macrosomia. Keller and colleagues'”’ observed a subset of in- 
fants of diabetic women in whom birthweights exceeded 4000 g but 
who had biparietal diameter, length, and birthweight proportionally 
or symmetrically increased from standard norms, and in whom am- 
niotic fluid insulin concentration was not elevated. 

Increase in the rate of insulin secretion in the fetus exposed to 
the metabolic milieu diabetes mellitus may begin during the sec- 
ond trimester. Histologic and morphometric studies in fetuses of 
mothers with diabetes delivered at this time have shown islet hy- 
pertrophy and hyperplasia.” Reiher and colleagues? compared 
stimulated insulin secretion in vitro from pancreases of fetuses of 
varying gestational age from diabetic women in poor metabolic 
control and nondiabetic women. Fetal insulin secretion was in- 
creased as early as 16 weeks of gestation in poorly controlled dia- 
betes. We have found a stronger association between fetal islet 
function (amniotic fluid insulin [32-38 weeks of gestation] or cord 
plasma C peptide at delivery) and metabolic control in the second 
trimester (HbA,, concentration) than in the third trimester. "° How- 
ever, visceromegaly and the excessive deposition of fat occur pri- 
marily during the third trimester. 

Studies in which insulin pumps were implanted in monkey fe- 
tuses have shown that hyperinsulinemia per se can accelerate the 
growth of insulin-responsive tissues, even without attendant in- 
creases in metabolic fuels.'*° Thus, if increased secretion of insulin 
from fetal B-cells begins prematurely in midgestation, it is con- 
ceivable that hyperinsulinemia and augmented fetal anabolism 
could continue even in the absence of persistent elevations of ma- 
ternal nutrients.''® Although it is clear that insulin has direct effects 
on fetal tissues, concurrent increases in the levels of the insulin-like 
growth factors (IGF-I and/or IGF-II) or other growth factors may 
also be contributory. '*' 

In the past, intrauterine growth retardation (TUGR), the con- 
verse of macrosomia, was frequently observed in offspring of 
insulin-dependent diabetic mothers. This was commonly thought 
to reflect “‘utero-placental insufficiency” secondary to maternal 
vascular disease.'** Current reports indicate that, except for preg- 
nancies complicated by hypertension and/or diabetic nephropathy, 
IUGR is rarely seen.'**'** Concurrently, the occurrence of macro- 
somia in pregestational diabetic pregnancies has markedly in- 
creased, reaching rates of 30-40% in some reports. Clinical obser- 
vations'** and studies in animal models and in rodent embryo 
cultures'*® suggest that disturbances in maternal metabolism in 
early pregnancy may retard growth irreparably, with or without as- 
sociated birth defects. Better control of diabetes in early pregnancy 
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and discontinuation of routine delivery before term may account 
for the rarity of IUGR and the increased prevalence of macrosomia 
in the newborns of women with pregestational diabetes. 


Effects of Pregnancy on Diabetes 


Glycemic Control 

In normal pregnancy, insulin resistance induced by placental 
hormone production and the siphoning of maternal fuels by the 
conceptus (see above) is overcome by major increases in maternal 
insulin production, such that blood glucose concentrations remain 
within relatively narrow limits and are close to those seen in non- 
gravid women. With insulin deficiency, substantial increases in 
blood glucose and other insulin-sensitive fuels will occur unless 
they are counterbalanced by increased doses of exogenous insulin. 

Catalano and coworkers” performed measurements of insulin 
sensitivity by the euglycemic-hyperinsulinemic clamp technique 
serially before and during pregnancy. Subjects who maintained 
normal glucose tolerance throughout (controls) showed a small, 
but significant reduction in insulin sensitivity by late in the first 
trimester (Fig. 38-1). A group with previous GDM and glucose tol- 
erance in the normal range was somewhat insulin-resistant before 
pregnancy and showed a small, but significant increase in insulin 
sensitivity when they were retested late in the first trimester. In 
women with type | diabetes mellitus (T1DM), a mild reduction in 
insulin dosage is often seen toward the end of the first trimester 
(approximately 10-14 weeks of gestation).'*’ This may be associ- 
ated with more frequent and severe hypoglycemia. This pattern is 
most likely to occur in women who have suboptimal metabolic 
control in early pregnancy. Thus, aggressive efforts to achieve sat- 
isfactory glycemic control as quickly as possible may contribute to 
this tendency. In other cases, morning sickness (nausea and emesis) 
may result in erratic and unpredictable caloric intake in the first 
trimester. This may lead to marked swings in glycemic control in- 
cluding episodes of both severe hypo- and hyperglycemia, a prob- 
lem that is particularly troubling during this period of organogene- 
sis in the fetus. Whatever the factors responsible, it is important for 
clinicians to be aware of the tendencies toward less stable meta- 
bolic control in early pregnancy. 

During the second trimester, insulin needs steadily increase, 
with the major increment occurring between 20 and 30 weeks of 
gestation, often reaching doses that are two- to threefold greater 
than in early pregnancy. The last several weeks (32-38 weeks) are 
characterized by relative stability of glycemic control, often requir- 
ing only minor modifications of insulin doses from week to week. 
In the last 1-2 weeks before delivery, some patients note more fre- 
quent hypoglycemia, and insulin doses may need to be reduced, es- 
pecially those acting overnight. Immediately post partum, normal 
or supranormal insulin sensitivity is restored. Dramatic reduction 
of insulin doses (75-90%) may be necessary for several days. After 
that, insulin requirements usually become similar to what was 
needed before pregnancy. 


Microvascular Disease 


Retinopathy 

Instances of severe deterioration in diabetic retinopathy during 
pregnancy have been documented.'**:'*? Reports from Northwest- 
em University!’ and elsewhere”? indicate that severe deteriora- 
tion of retinopathy during pregnancy rarely, if ever, occurs in sub- 
jects with minimal or absent retinopathy prior to conception. 
Vision-threatening change is primarily confined to patients with se- 
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vere background retinopathy or untreated proliferative retinopathy 
already present before pregnancy or discovered in early gestation. 
By contrast, serious alterations in retinal status rarely occur dunng 
gestation in women with proliferative retinopathy who have been 
treated with photocoagulation and deemed “inactive” prior to con- 
ception, 824! We, and others, have reported an association be- 
tween worsening retinopathy during pregnancy and the magnitude 
of hyperglycemia at enrollment. 7°! Worsening retinopathy was 
also related to the magnitude of improvement in diabetic control 
achieved in the first half of gestation. 

This finding suggests that some of the untoward ophthalmo- 
logic changes hitherto ascribed to pregnancy may be linked to the 
rapid institution of tight diabetic control in subjects whose diabetes 
was previously poorly regulated.'?? This phenomenon was noted in 
nongravid subjects in the Diabetes Control and Complications 
Trial (DCCT)'*? and elsewhere. ^? Hypertension has also been as- 
sociated with progression of retinopathy during pregnancy." Re- 
cently, analysis of the data from the DCCT'* indicated that preg- 
nancy does contribute to transient progression of retinopathy. As in 
previous reports, some subjects developed severe enough retino- 
pathy to require photocoagulation therapy during pregnancy. The 
analysis of the DCCT experience also indicated that progression of 
retinopathy can continue after pregnancy or that retinopathy can 
first appear in the first 6-12 months post partum. However, no per- 
manent adverse affect of pregnancy on retinal status was found. 
In other words, the tendency for progression that has been observed 
during gestation is transient. 

Although photocoagulation therapy can be used effectively 
during gestation, it seems prudent to assess retinal status carefully 
beforehand and to delay conception until stabilization of retinal 
pathology has been achieved. By this means, the risks of acceler- 
ated retinal damage in association with pregnancy may be mini- 
mized for most women. 


Nephropathy 

Normal physiologic adaptations of pregnancy include an in- 
creased glomerular filtration rate (GFR), increased renal plasma 
flow, and afferent arteriolar vasodilation. These changes result in 
glomerular hyperfiltration, which may be maladaptive in patients 
with pre-existing renal disease, and an increased systemic pres- 
sure transmitted to the glomerulus in the setting of hypertension. 
In addition, pregnancy is associated with an increase in urinary 
tract infections and pyelonephritis secondary to ureteral hypo- 
motility with vesicoureteral reflux, physiologic hydronephrosis, 
and increased urinary nutrient content. This combination of fac- 
tors may, in certain instances, predispose to accelerated deteriora- 
tion of renal function in pregnancy. Observations of patients with 
mild pre-existing diabetic nephropathy (microalbuminuria, pro- 
teinuria, or mild renal insufficiency with a creatinine < 1.4 mg/dL 
[124 mmol/L]) suggest that pregnancy does not permanently ac- 
celerate their nephropathy, although there may be a transient 
worsening of proteinuria and creatinine clearance." However, 
studies of diabetic patients with moderate or severe renal insuffi- 
ciency raise the concern that pregnancy may accelerate the decline 
in renal function in such persons,'*”!*” as has been seen when pa- 
tients have moderate renal insufficiency of nondiabetic etiology. 
In addition, pregnancy in women with more severe degrees of 
nephropathy may be complicated by exacerbation of hyperten- 
sion/pre-eclampsia, acceleration of retinopathy, and fetal/neonatal 
morbidity (prematurity, IUGR).'*©'*#!°° Prophylactic measures to 
preserve renal function include maintaining good glycemic and 
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blood pressure control, obtaining frequent urine cultures wit 
antibiotic therapy as needed, and careful monitoring of matern 
renal function and fetal well-being. 


Neuropathy 

Little is known of the effect of pregnancy on diabetic neuropa 
thy, a complication that exists in 7-50% of patients after 1-2: 
years of diabetes duration, respectively. However, the presence o 
autonomic neuropathy may have a potentially adverse effect o1 
maternal morbidity’! and pregnancy outcome.'*? Gastroparesis i: 
of particular concern, as the irregular gastric emptying may resul 
in inadequate nutrition, marked fluctuation in blood glucoses. anc 
maternal aspiration. Genitourinary disturbances in patients whc 
have diabetic nephropathy and bladder dysfunction may result ir 
recurrent urinary tract infection and worsening renal function. 


Macrovascular Disease 

Patients with macrovascular disease have significant risks of 
maternal and fetal morbidity. First, pregnancy may exacerbate 
pre-existing vascular disease. Systolic blood pressure may in- 
crease significantly in TIDM women, whereas diastolic blood 
pressure tends to be higher than in controls at conception and 
throughout gestation." In a limited number of cases reported, 
myocardial infarction in pregnancy has been associated with a 
50% mortality rate.'*''°*'5> Since these reports were published 
more than 3 decades ago, the outcomes may not reflect risks with 
current practice. Women with coronary artery disease are also vul- 
nerable to myocardial infarction and congestive heart failure in the 
immediate postpartum period. 


CLASSIFICATION OF DIABETES IN PREGNANCY 


Pre-existing insulin-treated diabetes is a complicating event in ap- 
proximately 0.2-0.5% of all pregnancies in the United States.'*¢ In 
some populations, half or more of such pregnancies are in women 
with type 2 diabetes mellitus (T2DM) rather than T1 DM (insulin- 
dependent). GDM affects an additional 2-6%. These figures are 
likely to increase in the future, because the incidence of obesity 
and T2DM seem to be increasing in adolescents and young adults, 
especially among minority populations. Since there are more than 
3,000,000 live births in the United States each year, diabetes during 
pregnancy constitutes an appreciable and increasing public health 
problem. 

In accord with recommendations of the National Diabetes Data 
Group,’ the 1997 Expert Committee on the Diagnosis and Classifi- 
cation of Diabetes Mellitus,’ and the Fourth International Work- 
shop Conference on GDM,,* gestational diabetes is defined as “car- 
bohydrate intolerance with onset or first recognition during the 
present pregnancy.” We continue to subdivide GDM on the basis of 
the severity of the metabolic disturbance'™!72-'57-'58 and use FPG 
as the distinguishing characteristic (Table 38-1). To be consistent 
with changes recently introduced to define an elevated FPG con- 
centration during pregnancy, we designate gravida as GDM Class 
A, when values for FPG are within the normal range for pregnancy, 
(i.e., <95 mg/dL [5.3 mmol/L]) and as GDM Class A, when values 
equal or exceed this limit. 

For epidemiologic purposes, pregnant women with abnormal 
glucose tolerance who had gestational diabetes with a prior preg- 
nancy are not considered to have gestational diabetes with the 
current pregnancy. Unless post- or interpartum testing indicated a 
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TABLE 38-1. Classification of Carbohydrate Intolerance During Pregnancy” 


Class 


Gestational diabetes mellitus (GDM) 


GDM Class A, 
GDM Class Az 


Classification Criteria 


Carbohydrate intolerance of varying severity with onset or first recognition during the present pregnancy. Diagnosis 
as per Tables 38-2 and 38-3. Antepartum subclassification on the basis of values for fasting glucose. 

Fasting glucose normal for pregnancy: venous plasma < 95 mg/dL (5.3 mmol/L) 

Fasting glucose exceeds normal for pregnancy: venous plasma = 95 mg/dL (5.3 mm/L) on at least two occasions 

Postpartum Reclassification 

Evaluation by fasting plasma glucose or 75 g oral glucose tolerance test to classify according to the criteria of the 
NDGG and ADA Expert Committee as: “Previous abnormality of glucose tolerance (GDM)” if glucose tolerance 


normal at this time, or impaired fasting glucose, impaired glucose tolerance (IGT), or diabetes mellitus 


Previous GDM 


Abnormality of glucose tolerance in a previous pregnancy, without diabetes mellitus having been diagnosed 


postpartum (postpartum glucose tolerance test normal, impaired fasting glucose. IGT, or not performed) 


Previous GDM: Class A; 
Previous GDM: Class Az 
Pregestational diabetes mellitus 
Diabetes mellitus type | 
Uncomplicated 


Complicated 

Diabetes mellitus type 2 
Uncomplicated As for type 1 diabetes 
Complicated As for type | diabetes 


(See above for fasting plasma glucose parameters.) 
Diabetes mellitus diagnosed prior to the present pregnancy (according to criteria of the ADA Expert Committee) 


Absence of retinopathy, nephropathy, neuropathy, coronary artery disease. or hypertension 
Presence of one or more of the above (see footnote for designation and definitions)t 


* Classification is based on prevailing practices in the authors’ center and the recommendations of the National Diabetes Data Group (NDDG). the ADA Expert Committee, and 


the Workshop Conferences on Gestational Diabetes.’ ° 


+ BDR, background diabetic retinopathy: PDR, prolilcrative diabetic retinopathy: NEPH, diabctic nephropathy detined as =0.5 g protein in 24-hr urine collection and/or serum 
creatinine consistently =1.2 mg/dL (106 mmol/L); NEUR, neuropathy, defined as known gastroparesis when not pregnant, orthostatic hypotension, or sensory abnormialitics in 
lower extremities detected at bedside cxamination; CAD. coronary artery disease diagnosed by history, ECG, or stress ECG: HTN, hypertension, defined as BP = 140/90 consis- 
tently. (Designations are appended to primary diagnosis as appropriate, e.g.. diabetes mellitus-type 2-uncomplicated: diabetes mellitus-type 1-BDR, NEPH, etc.). 


Source: From Metzger et al, 137 with permission. 


diagnosis of diabetes mellitus, they are classified as Previous GDM 
and subdivided on the basis of FPG concentration into Class A, or 
Class Az (Table 38-1). Patients who had normal or impaired glu- 
cose tolerance (IGT) or impaired fasting glucose post partum, as 
well as patients in whom the interpartum status is unknown, are in- 
cluded in the Previous GDM category. 

We, as well as some others, have ceased to use the traditional 
classification devised several decades ago by White.'*? That 
scheme is based on the age of onset of diabetes mellitus, its dura- 
tion, and whether or not micro- or macrovascular complications are 
present. At the time of its formulation, this was useful in predicting 
the risk of perinatal loss or serious morbidity. In the present era 
fetal losses are uncommon, and the degree of metabolic control 
throughout pregnancy and the presence or absence of vascular 
complications, independent of maternal age or duration of diabetes 
mellitus, are more specific predictors of maternal or fetal morbidi- 
ties. We attempt to distinguish those pregnant patients with TI DM 
from those with T2DM.° Although this distinction cannot be made 
with certainty in every case, the standard clinical yardsticks are 
generally reliable. Groups are then subdivided based on whether 
diabetic complications are known to be present. Abbreviations for 
the specific complications are added as postscripts (Table 38-1). 


MANAGEMENT 


Pregestationa! Diabetes 


Preconception Counseling 

Under optimal conditions, the management of “pregnancy 
complicated by diabetes” should begin before pregnancy is even 
contemplated. Information about the potential complications of 
pregnancy for mother and offspring should be an essential aspect 


of the education of all women with diabetes mellitus. The educa- 
tional efforts should be initiated as early as possible, ideally by 
the time of puberty. The precise content and mode of presentation 
are necessarily tailored to the age and level of maturity of the in- 
dividual patient. However, it should be repeatedly emphasized 
that pregnancy may introduce uniquely new problems, if special 
precautions are not taken in advance. Thus, contraception should 
be discussed and offered to all women of childbearing age who 
have diabetes mellitus. Ideally, the woman’s satisfaction with 
her contraceptive practices should be assessed at every contact 
whether or not that visit is intended as a preconception consulta- 
tion. An ongoing dialogue with the woman allows reinforcement 
of the concept that a planned conception after appropriate assess- 
ment and improvement of metabolic control will reduce the risk 
of pregnancy complications such as spontaneous abortion and 
fetal malformations. 

For women seeking preconception advice (ideally offered with 
the prospective father in attendance), reassessment of maternal 
health status is undertaken, with particular attention given to possi- 
ble diabetic vascular complications. In addition to a complete 
physical examination, including pelvic examination, we recom- 
mend ophthalmologic consultation unless diabetes is of short dura- 
tion and routine funduscopic examination appears to be normal. 
We also obtain baseline measurements of glycohemoglobin, 
thyroid-stimulating hormone (TSH), 24-hour creatinine clearance 
and quantitative urinary protein excretion (micro- or macroalbu- 
minuria as appropriate), complete blood count (CBC), and an auto- 
mated chemistry screen. Immunity to rubella should also be as- 
sessed, with immunization of susceptible individuals. Lifestyle 
issues should be reviewed for needed adjustments, including as- 
sessment of stress, tobacco or alcohol use, and prescription drugs 
that may need to be discontinued prior to pregnancy. In particular, 
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this often means the discontinuation of angiotensin-converting en- 
zyme (ACE) inhibitors, agents that are increasingly being used 
early in the treatment of hypertension and microalbuminuria. 

Information relating to the potential effects of diabetes on fetal 
growth and development (see above), including long-range out- 
comes (see Chap. 39), is reviewed with the prospective parents, 
emphasizing the benefit of careful diabetic control before and dur- 
ing gestation. The possibility of deleterious effects of pregnancy on 
maternal vascular complications (see above) is also discussed as 
the mother’s clinical condition warrants. The patient and signifi- 
cant other(s) should also be reminded that prenatal care is intensive 
and involves a significant time commitment for the greater fre- 
quency of prenatal visits and the additional efforts that are needed 
to maintain optimal metabolic control in the period before concep- 
tion and during the entire pregnancy. The possibility that fetal and 
neonatal effects of maternal diabetes (pregestational or gestational) 
may have a long-range impact on the offspring is an issue with 
major public health implications. Presently, many studies have fo- 
cused on the possibilities that obesity, T2DM, and neurobehavioral 
deficits may be more prevalent in later life in the offspring of dia- 
betic mothers (see Chap. 39). 

To minimize the likelihood of birth defects and/or diabetes- 
related spontaneous abortions, we strive for good, stable metabolic 
control before conception.””'*” This requires a period of renewed 
effort for patients already familiar with an intensive management 
regimen and an introduction to the concept of tight control for oth- 
ers. Periconceptional supplementation with folic acid may reduce 
the risk of neural tube birth defects,'© and neural tube defects 
occur at an increased rate when pregnancy is complicated by dia- 
betes. We advise women to start a multivitamin containing 0.8 mg 
folic acid prior to the intended conception. This should be contin- 
ued through the first 6 weeks of gestation. 

Glucose regulation is assessed by capillary blood sugar meas- 
urements performed by the patient and by estimates of HbA,- We 
prescribe a diet based on a “exchange system” and set up a multiple- 
dose insulin injection algorithm for those women who are not cur- 
rently using an intensive diabetes management program. An expe- 
rienced caregiver reviews the results of capillary blood glucose 
tests with the patient at least weekly. Many women, particularly 
those who use pumps for delivery of insulin, have varying degrees 
of familiarity with the practice of “carbohydrate counting” wherein 
the premeal dose (bolus) of short-acting insulin that is given takes 
into account the grams of carbohydrate that are to be ingested. 
Many women use this effectively and also maintain a balanced in- 
take of protein, fat, and micronutrients. We do encourage them to 
maintain more day-to-day consistency in meal time and meal size 
than they may have done outside of pregnancy. This is particularly 
helpful during the time of rapidly escalating insulin requirements. 
Others need more guidance to ensure intake of an adequate number 
of calories and optimal balance of nutrients. We expect to see cor- 
roboration of the improved control by stabilization of glycohemo- 
globin concentration within or near the normal range before con- 
traception is discontinued. In many cases this entire effort may 
encompass an interval of 3—4 months. 


Management After Conception 

T1DM complicates pregnancy infrequently, and expertise in the 
management of this high-risk population can only be achieved if 
sufficient numbers of patients are seen on an ongoing basis. Opti- 
mally, therefore, such care is provided in specialized referral clinics, 
employing a team consisting of physician, nurse educator, nutrition- 


THE MOTHER IN PREGNANCIES COMPLICATED BY DIABETES MELLITUS 62’ 


ist, and social worker (depending on the population served) whos: 
practices and philosophies are consistent and well integrated. 


Diet 

Diabetes does not alter the basic dietary recommendations fo 
pregnancy, except that complex carbohydrates should be substi 
tuted for “free” sugars. Because of the heightened propensity fo 
accelerated starvation,’*”* inclusion of an evening snack is recom 
mended. Carbohydrate intake is seldom restricted below 200 g/day 
and food intake should be distributed throughout the day to avoi 
periods of fasting in excess of 4-5 hours during the waking hours 
The proportion of the daily diet given at specific times can be indi 
vidualized (within the above constraints) according to patient pref 
erence and may also be manipulated to effect stability of metaboli 
control. However, consistency from day to day is essential for th 
attainment of excellent diabetic control. 

In the interest of simplicity (which we believe enhances adher 
ence to the overall treatment regimen), we usually plan a diet o 
three major meals and a bedtime snack. Some caregivers recom 
mend multiple small feedings (six to seven) throughout the day i 
an effort to dampen postmeal hyperglycemia. Whether the meai 
24-hour blood glucose is lower with such regimens is unknown 
(Dampening postprandial peaks by frequent small meals might b: 
associated with higher premeal glucose concentrations.) Propo 
nents of a multiple-feeding regimen that focuses on control of post 
prandial hyperglycemia base this approach on the findings in som 
reports of a stronger correlation between mean values of postpran 
dial glycemia and birthweight than between fasting and premea 
glycemia and birthweight.'®''® However, these were observa 
tional findings, not prospectively designed studies. Furthermore, i 
is not certain what influence day-to-day variability in glycemi 
control, in contrast to the overall average level of glycemia, ma‘ 
have on perinatal outcome. 

Dietary prescriptions are individualized and modified over th 
course of gestation. The Institute of Medicine of the National Acad 
emy of Sciences has published guidelines relating to optima 
weight gain during gestation’®’; in the absence of information t 
the contrary. we consider these recommendations to be appropriat 
for pregnancy complicated by diabetes. Accordingly, it is recom 
mended that gestational weight gain be inversely proportional t 
the degree of adiposity in the mother before conception. This ma 
vary from 15 pounds (7 kg), in the very obese, to 40 pounds (18 kg 
for underweight women. Adiposity is judged by body mass inde 
(BMI), defined as weight/height”. A prepregnancy BMI of 19.8. 
26.0 kg/m? is considered normal, in which case a 25-35-poun: 
(11-16 kg) weight gain is judged desirable. For those with BMI < 
19.8 kg/m’, the recommended weight gain is 28-40 pounds, an 
for those with BMI > 26 kg/m’, it is 15-25 pounds. Additionally 
some experts have estimated that the caloric cost of pregnancy ma 
be only 100-150 kcal/day above requirements outside of preg 
nancy.'™ This is substantially less than the 250-300-kcal/da 
figure that was widely accepted in the past as the basis for dietar 
prescriptions. Thus, we find it very important to monitor weigt 
gain closely during pregnancy and to modify caloric intake to reac 
the goals that are summarized above. 

We base the initial prescription before conception or in earl 
gestation on an estimate of the woman’s weight-maintainin 
caloric intake, or we use an estimate based on 32 kcal/kg idez 
body weight (IBW). This is increased to 35-38 kcal/kg IBV 
after the first trimester, depending on appetite, physical activit 
and weight gain. Dietary protein accounts for 1.5-2.0 g/kg IBV 
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carbohydrates comprise 50-55% of total calories, and fat com- 
prises 30-35%. For women who become pregnant while using car- 
bohydrate counting to guide their dietary intake, care must be taken 
to achieve an adequate intake of the full spectrum of nutritional 
needs for pregnancy (see above). 

Variations of up to +25-30% in total calories may be neces- 
sary to attain optimal weight gain as described above. In some cen- 
ters, a relatively large proportion of women with pregestational di- 
abetes have T2DM and are obese. The use of hypocaloric diets to 
restrict weight gain below the guidelines outlined above has been 
advocated by some!?? (for review, see ref. 165). Moderate calorie 
restriction (20-25% below the figure cited above) may reduce hy- 
perglycemia without increasing ketonemia or promoting the devel- 
opment of ketonuria. However, since “around the clock” studies in 
obese women with GDM whose caloric intake was restricted more 
than 33% below standard prescriptions have shown significant ele- 
vations of FFAs and plasma ketones,'™ we do not advocate this de- 
gree of caloric restriction, except in a research setting. High-fiber 
diets have not been found to be effective in reducing postprandial 
plasma glucose levels during pregnancy. “Isocaloric diets” contain- 
ing only 30-40% of calories as carbohydrate (rather than 50-55%) 
do effect a reduction in hyperglycemia,’ but the effects of the 
concomitant increase in dietary protein and fat on maternal amino 
acids, lipids, and ketones have not been investigated in detail. 


Insulin 

Optimal therapy necessitates individualization. We have used 
“intensified” therapy routinely since 1970. We ask our patients to 
supplement the longer acting insulin (given at breakfast, supper, or 
bedtime as necessary to maintain basal insulinization) with soluble 
insulin given prior to each meal (to replicate acute postprandial 
insulin excursions).'° Lispro insulin (Humalog®), an analog of 
human insulin, is more rapidly absorbed from subcutaneous tissue 
than is Regular (soluble) human insulin. Postinjection profiles of 
circulating Humalog have been shown to mimic the profiles of se- 
creted insulin in normal subjects more closely than the pattern seen 
after injection of Regular human insulin.'® Increasing numbers of 
women are using lispro insulin for their usual treatment and are thus 
on this therapy when they are seen for evaluation before pregnancy. 
In nonpregnant subjects, many studies have shown its superiority in 
controlling postprandial hyperglycemia; it has also resulted in some 
reduction in the frequency of hypoglycemia. Only limited informa- 
tion is available concerning its efficacy and safety in pregnancy. 
However, no untoward events have been conclusively ascribed to its 
use during pregnancy.'®? We do not discourage its use in women 
who are already using lispro insulin when they are seen for precon- 
ception care or when they enroll for prenatal care at our center after 
they conceive. In many patients, bolus injection of lispro insulin 
must be supplemented with low doses of intermediate-acting in- 
sulin or used in combination with Regular insulin to ensure that hy- 
perglycemia does not ensue before the next meal as a result of com- 
plete disappearance of lispro insulin. Other analogs and modified 
forms of insulin are in development. When they are released for 
clinical use, there will be uncertainties regarding their use during 
pregnancy like the circumstances that occurred after the introduc- 
tion of lispro insulin. 

Whatever insulin preparations are used, doses are adjusted in 
an effort to achieve fasting and premeal blood glucose concentra- 
tions of 65-85 mg/dL (3.6-4.7 mmol/L) and 1- or 2-hour post- 
prandial values of <140-150 and 120-130 mg/dL (7.7-8.3 and 
6.7-7.2 mmol/L), respectively. Patients are provided with individu- 


ally tailored algorithms for adjustments of insulin doses at each in- 
jection. These are altered as necessary by telephone or at clinic vis- 
its. This variable, multidose regimen provides for greater flexibility 
in responding to the erratic blood sugar fluctuations that often 
occur in patients with T1DM. The use of insulin pumps and contin- 
uous subcutaneous insulin infusion (CSII) with bolus infusions 
prior to meals has not been shown to confer any greater benefits in 
pregnancy than the program of intensified conventional therapy 
cited above. We continue CSII therapy for patients who have been 
using it prior to conception; however, we do not initiate its use dur- 
ing pregnancy unless patients are strongly motivated to do so. 

Most patients with T2DM retain some endogenous insulin se- 
cretion. In such patients, it is often relatively easy to achieve the 
treatment goals outlined above. This is commonly done using a 
twice daily “mixed” insulin regimen (combinations of short- and 
intermediate-acting insulin given before breakfast and supper). If 
the diet is carefully adhered to, blood glucose levels are quite sta- 
ble, and insulin dosage modifications are made every 1-2 weeks 
from a review of fingerstick blood glucose measurements obtained 
by the patient. Episodes of hyperglycemia are usually caused by 
temporary lapses in adhering to the prescribed diet. 

Patients with near-normal blood sugar values in the first 
trimester may experience a modest reduction in insulin needs to- 
ward the end of this period (10-14 weeks), a time of particular vul- 
nerability to severe hypoglycemic episodes!’ (see above). Subse- 
quently, insulin requirements increase substantially in most 
patients before seeming to plateau in the third trimester at a level 
two- to threefold above doses used before pregnancy. A reduction 
in insulin need is sometimes noted in the week or two before term. 
The challenge of therapy is to modify the insulin dose in parallel 
with these alterations in insulin sensitivity. 


Monitoring of Diabetes Control 

At each outpatient visit, measurements of plasma glucose 
are obtained from the laboratory simultaneously with patient- 
determined estimates of capillary blood sugar to check the accu- 
racy of the patient’s measurements. Blood sugars are monitored at 
home before each meal and at bedtime; at least twice weekly, the 
patient also measures values 1 hour after each meal. As noted 
above, in women with T1DM, the postprandial values may more 
closely parallel overall fuel delivery to the fetus and consequently 
may correlate better with birthweight than fasting values.'©!:'!© 
However, we have found premeal blood sugar measurements to be 
of greater utility in recommending doses of Regular insulin. The 
limitation on the dose of Regular insulin that can be given before a 
meal is the nadir blood sugar level that will occur prior to the sub- 
sequent meal regardless of the magnitude of the between-meal 
peak. When postprandial hyperglycemia persists despite normal- 
ization of premeal levels, adjustments in meal size and/or fre- 
quency of feedings may be beneficial. We rely equally on postpran- 
dial and premeal glucose concentrations to assess adequacy of 
lispro doses. As mentioned above, when using lispro insulin, a pre- 
meal concentration that is higher than optimal can reflect either a 
need for a larger bolus of lispro insulin with the preceding meal or 
a need for the addition of a longer acting insulin. 

Measurements of glycosylated hemoglobin are secured at the 
first visit during pregnancy and at 4—6-week intervals thereafter, 
since these supplement but do not replace the information derived 
from estimates of blood sugar. The initial value for glycosylated 
hemoglobin can often provide a useful index of the state of mater- 
nal fuel metabolism around the time of conception, implantation, 
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and organogenesis (see above), as well as a general indication of 
the risk of major congenital malformations, helping to guide deci- 
sions when elective abortion is a consideration. Measurements of 
fructosamine or glycosylated albumin may provide information 
analogous to that of glycosylated hemoglobin and may be desirable 
when the latter measure is unreliable (e.g., in the presence of he- 
moglobinopathy or hemolysis). 

Patients are asked to test urine for ketones in the first morning 
urine specimen each day and at any time that premeal estimates of 
blood glucose exceed 200 mg/dL. These measurements are useful 
in detecting inadequate dietary intake, particularly of carbohydrate, 
and providing warning of impending metabolic decompensation. 
Monitoring urine glucose is unnecessary with the regimen outlined 
above. 


Obstetric Surveillance 

Patients are offered serum screening and a comprehensive 
ultrasound examination as surveillance for fetal anomalies. Serum 
screening with multiple analytes, performed between 15 and 
20 weeks of gestation, typically includes maternal serum a-fetopro- 
tein, estriol, and human chorionic gonadotropin. The a-fetoprotein 
portion can detect 80-90% of open neural tube defects and may also 
identify other defects such as gastroschisis and renal agenesis.!”° An 
abnormal pattern of the three analytes in combination with maternal 
age can detect approximately 60% of Down’s syndrome cases'”' 
and a similar portion of fetuses with trisomy 18.'? Regardless of 
serum screening results, the risk of diverse fetal anomalies in preg- 
nancy complicated by diabetes mellitus warrants a comprehensive 
fetal anatomic survey by ultrasound. This is best performed after 18 
weeks when the size of the fetus is sufficient to facilitate sono- 
graphic examination of all fetal structures. The sensitivity of ultra- 
sound in detecting fetal abnormalities varies by anomaly. Gross 
defects such as hydrocephalus or omphalocele have very high de- 
tection rates, whereas others such as cardiac outflow tract anomalies 
are difficult to ascertain. "”? 

Ultrasound examinations during pregnancy permit confirma- 
tion of estimated due date as well as an assessment of the pattern of 
fetal growth. Confirmation of gestational age may be performed in 
the first trimester as early as convenient after 6 weeks of amenor- 
rhea, at which time both determination of viability and accurate 
dating can be performed. The presence or absence of evolving fetal 
macrosomia can be determined by serial measurements of fetal 
head and abdominal size in conjunction with estimated fetal weight 
in the late second and third trimesters of pregnancy. ' "125-17 

Intrauterine fetal death in late gestation was a relatively com- 
mon event prior to the appreciation of the importance of good ma- 
ternal metabolic control.** The etiology of this complication has 
never been established in human gestation, although data from ani- 
mal models have suggested that sustained fetal hyperglycemia is 
associated with increased placental lactate production, increased 
fetal uptake of glucose and lactate, and stimulated fetal oxygen 
consumption, ultimately leading to fetal hypoxemia.'”*"'”° The risk 
of fetal death may no longer be appreciably increased over back- 
ground rates in pregnancies attended by excellent metabolic con- 
trol, particularly in the absence of vascular disease or pregnancy 
complications. 

However, different biophysical methods of fetal assessment 
may provide objective measures of reassurance.'’’ The mainstay of 
fetal assessment remains the nonstress test. The observation of two 
or more accelerations of the fetal heart rate in response to sponta- 
neous fetal activity during 20 minutes of continuous fetal heart rate 
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monitoring, designated a reactive test, is highly predictive of fetal 
well-being. An alternative modality is the biophysical profile by ul- 
trasound, a technique that assesses fetal activity, fetal muscle tone, 
fetal breathing activity, and amniotic fluid volume, in addition to 
the nonstress test. A score of 2 is given for each positive finding, 
with a total possible score of 10; it is sometimes called the in- 
trauterine Apgar score. We have utilized the nonstress test as our 
primary means of fetal surveillance, reserving use of the biophysi- 
cal profile for assessment of a nonreactive nonstress test. Although 
weekly testing is usually initiated by 32 weeks of gestation, earlier 
and more frequent testing is indicated for pregnancies complicated 
by significant hypertension or other medical complications that 
may increase the risk of fetal death. 

Meticulous surveillance for pregnancy complications is prac- 
ticed at frequent prenatal visits, usually on a weekly basis after 30- 
32 weeks of gestation. It is generally accepted that the risk of pre- 
eclampsia is increased in women with diabetes mellitus, particu- 
larly for those with pre-existent vasculopathy. The traditional clini- 
cal criteria utilized for the diagnosis of pre-eclampsia are abrupt 
increase in blood pressure and appearance of proteinuria (>300 mg 
in 24 hours) in association with hyperuricemia. However, women 
with nephropathy may have a clinical course that can be easily con- 
fused with pre-eclampsia, including hypertension, which tends to 
worsen in the third trimester, increasing proteinuria presumed to be 
caused by the increased renal plasma flow of pregnancy, as well as 
hyperuricemia of uncertain origin. Making an accurate diagnosis in 
such patients requires close surveillance. The diagnosis of pre- 
eclampsia at or near term warrants consideration of immediate de- 
livery. If pre-eclampsia is suspected in a preterm gestation, hospital- 
ization is prudent for close observation of maternal and fetal status. 


Delivery and Postpartum Care 


Diabetic Aspects Medical management during either sponta- 
neous or induced labor consists of monitoring blood sugar every 
1—4 hours and continuous intravenous infusions of glucose at the 
rate of 5-10 g/h. Insulin is administered as needed, either as an in- 
travenous infusion via a separate line at the rate of 0.01-0.04 
U/h/kg actual body weight (i.e., 0.7-2.8 U/h in a 70-kg woman), or 
by subcutaneous injection of short-acting (Regular) insulin every 
3-6 hours. The need for glucose and/or insulin should be based on 
the prevailing blood glucose, the time and nature of the last insulin 
injection, and the time of food ingestion prior to the onset of labor. 
The “exercise” effect of labor may enhance the rate of glucose uti- 
lization.'”* This effect may be partly modulated by the use of a con- 
tinuous epidural anesthetic during labor. The therapeutic objective 
is to maintain circulating glucose in the physiologic range (70-120 
mg/dL [3.9-6.7 mm/L]) throughout labor. In women who have 
been in good metabolic “control” throughout their third trimester, 
we have been unable to demonstrate a relationship between cord 
blood glucose at delivery and subsequent neonatal hypoglycemia, 
although such an association has been noted by others. "° 

Elective cesarean sections should be scheduled early in the 
moming when possible. Neither glucose nor additional insulin is 
administered if blood sugar is in the range of 70-140 mg/dL (3.9- 
7.8 mm.L) immediately beforehand. Blood sugar values outside 
this range necessitate infusion of glucose, insulin, or both. Insulin 
requirement declines dramatically immediately following delivery 
(by as much as 75-90%), and the administered dose may have to 
be reduced temporarily to 25% or less of the total daily antepartum 
dose. Failure to observe this fall in insulin requirement may be the 
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earliest sign of a postdelivery infection or other obstetric complica- 
tions. After a variable period, insulin requirements generally return 
to prepregnancy levels. 

Opinions differ about the continuing use of CSII during labor 
or cesarean delivery. Some physicians feel strongly that the possi- 
bility of dislodging the tubing during the exertions of labor, or po- 
sitioning of patients during delivery and possible alterations in sub- 
cutaneous insulin absorption should hypotension or significant 
hemorrhage occur, for example, speak strongly for use of intra- 
venous insulin in these circumstances. However, patients fre- 
quently have a strong desire to continue the use of their insulin 
pump during delivery, and many physicians are comfortable with 
using CSII to manage blood glucose concentrations during this 
time. With either approach, the key to successful management is 
the frequent measurement of blood sugar concentration throughout 
the delivery process and post partum. 

Women who wish to breastfeed are maintained at, or up to 
300 calories above, their caloric intake before pregnancy. Because 
oral agents may be secreted in breast milk and cause hypoglycemia 
in the infant, their use is precluded in women with T2DM wishing 
to breastfeed. Women who do not plan to nurse are returned imme- 
diately to a diet appropriate for nongravid women (30-32 kcal/kg 
IBW [125-135 kjoule/kg]). All patients are encouraged to use the 
diabetes management skills they acquired during gestation. 


Obstetric Aspects For the woman who has experienced an un- 
complicated pregnancy, the goal of obstetric management is vagi- 
nal birth of a term infant. Cesarean delivery increases the risk of 
numerous maternal morbidities, particularly hemorrhage and in- 
fection, and should be reserved for standard obstetric indications. 
Unless spontaneous labor ensures, induction is planned at term 
(38-40 weeks) when the cervix in considered favorable. Elective 
preterm delivery is not warranted, as it is well accepted that the se- 
quelae of prematurity are more prevalent in infants of diabetic 
mothers compared with age-matched infants of nondiabetic moth- 
ers. When a term delivery is anticipated, it is not necessary to em- 
ploy amniocentesis routinely to document fetal pulmonary matu- 
rity. This procedure should be utilized if the estimated due date is 
uncertain or if delivery is performed at <38 weeks of gestation. 
Infants are at increased risk of shoulder dystocia when there is 
an asymmetric increase in upper body size of the fetus relative 
to head size. This risk is approximately twofold higher for infants 
of diabetic mothers compared with normal infants at all birth- 
weights.'®° Brachial plexus injury is an uncommon but serious 
complication of shoulder dystocia, usually presenting as Erb’s 
palsy. Fortunately, >90% of Erb’s palsies resolve over a period of 
time.'*’ That the risk of shoulder dystocia rises with increasing ab- 
solute fetal weight suggests that this complication may be obviated 
by planned cesarean delivery for selected patients. Various thresh- 
olds have been suggested, most commonly >4500 g in estimated 
fetal weight. However, formula-based estimates of fetal weight by 
ultrasound lack precision, with 95% confidence limits generally 
15-20% of the estimated weight, '®” and shoulder dystocia may still 
occur in an infant who is <4000 g actual birthweight. Although 
protocols may vary in different programs, a combination of ultra- 
sound assessment of the fetus and clinical judgment in assessing 
the likelihood of an uncomplicated vaginal birth is warranted. 
Thus, one would not necessarily proscribe vaginal birth in a multi- 
para with anticipated fetal macrosomia if she has had a previous 
uncomplicated delivery of an infant of similar birthweight. 


Gestational Diabetes Mellitus 


Definition and Magnitude of the Problem 

GDM, defined as “carbohydrate intolerance of variable sever- 
ity with onset or first recognition during pregnancy,” may com- 
plicate as many as 2-6% of pregnancies in North American centers, 
using National Diabetes Data Group (NDDG) criteria. 5®!®-!'86 
Even higher figures have been reported when other diagnostic cri- 
teria for GDM have been used, '*-!*7-!*8 and in some racial and eth- 
nic populations incidences approaching 20% have been found. !® It 
is thus >10 times more common than pregestational diabetes dur- 
ing pregnancy. 

Studies in the 1970s and early 1980s found the risk of perinatal 
loss and neonatal morbidity to be increased when GDM was unde- 
tected or treated casually. °% However, recent studies have not 
found an increase in perinatal loss in GDM.* This may reflect the 
concurrent overall improvement in obstetric practice or may be an 
effect of treatment. Women with GDM are often considered to be at 
“high risk,” even when they are successfully managed with dietary 
intervention alone. Such a designation may in itself represent a form 
of intervention because it leads to more intensive obstetric supervi- 
sion. In addition, home blood sugar monitoring and treatment with 
insulin if hyperglycemia persists are widely recommended.*!™ 
Thus, perinatal loss in GDM? and the frequency of some neonatal 
morbidities (such as hypoglycemia, hypocalcemia, polycythemia, 
and hyperbilirubinemia) have decreased toward levels found in the 
general population'?*'"° (see Chap. 39). Despite such improve- 
ments in outcome, offspring of mothers with GDM remain at risk 
for fetal hyperinsulinism and attendant excess fetal size (macroso- 
mia), which increases the likelihood of birth trauma and operative 
delivery, *!” and, by implication, persistence of some degree of risk 
for long-range abnormalities. 

Most studies have not found an increased risk of congenital 
anomalies in GDM. However, some association has been found in 
a few reports.'"’-™ This has been so among populations likely to 
harbor a substantial proportion of women with unrecognized 
pregestational T2DM. The above considerations provide incentives 
for the detection and treatment of GDM using current methods, as 
well as justification for clinical trials of earlier and more aggressive 
treatment. 


Screening and Diagnosis 

GDM is almost always asymptomatic, and selective screening 
for glucose intolerance on the basis of clinical “risk factors” and/or 
past obstetric history does not identify one-third to one-half of the 
affected subjects, ®!#4-!85-0!20? Random estimates of blood glucose 
during prenatal visits have been advocated for the detection of 
asymptomatic glucose intolerance during pregnancy”; however, 
this approach also fails to detect a significant proportion of the 
cases,”**?5 and measurements of glycosylated hemoglobin”? or 
fructosamine”? 7% do not provide acceptable diagnostic sensitivity. 
Screening tests have been studied that assess maternal blood glucose 
responses to orally administered glucose polymers?!’ or mixed 
meals.”''?'? Measurement of second-trimester amniotic fluid in- 
sulin content, although it demonstrates reasonable sensitivity for 
early diagnosis of GDM,”!*"" is costly and invasive and carries risk. 

Participants in the Fourth International Workshop Conference 
on GDM modified previous recommendations that all women 
should undergo blood glucose testing for GDM because this 
approach may not be cost-effective in populations or clinics that 
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TABLE 38-2. Screening Strategy for Detecting Gestational Diabetes Mellitus (GDM) 


Risk 


Strategy 


GDM risk assessment should be ascertained at the first prenatal visit 
Low Blood glucose testing not routinely required if all of the following characteristics are present: 
Member of an ethnic group with a low prevalence of GDM 
No known diabetes in first-degree relatives 


Age < 25 years 


Weight normal before pregnancy 


No history of abnormal glucose metabolism 


No history of poor obstetric outcome 
Perform blood glucose testing at 24-28 weeks using either 


Average 


Two-step procedure: 50-g glucose challenge test (GCT) followed by a diagnostic oral 
glucose tolerance test in those meeting the threshold value in the GCT (see text for details) 
One-step procedure: diagnostic oral glucose tolerance test performed on all subjects 
High Perform blood glucose testing as soon as feasible, using the procedures described above. 
If GDM is not diagnosed, blood glucose testing should be repeated at 24-28 weeks, or at 
any time a patient has symptoms or signs suggestive of hyperglycemia 


Reproduced from Metzger et al." , 


include a large proportion of subjects at low risk for GDM® 
(Table 38-2). It is recommended that risk assessment be carried out 
as soon after registration for prenatal care as feasible. To be consid- 
ered low risk, subjects must have all of the following characteris- 
tics: member of racial/ethnic group with a low prevalence of GDM; 
age < 25 years; normal weight; no family history of diabetes; and 
no personal history of abnormal glucose metabolism or poor ob- 
stetric outcome. Those that are designated high risk for GDM 
should undergo blood glucose testing early in pregnancy. If GDM 
is not found, testing should be repeated at 24-28 weeks or at any 
time the patient develops symptoms suggestive of hyperglycemia. 
All others should be screened at 24-28 weeks of gestational age. 
In North America, a two-step screening-diagnostic strategy is 
most commonly applied. Subjects receive a 50-g oral glucose chal- 
lenge (GCT) given without regard to time of the last meal or time 
of day, and venous plasma glucose is measured 1 hour later. A 
plasma glucose value = 140 mg/dL (7.8 mm/L) is considered pos- 
itive. Using this threshold, 14-16% of pregnant women at our cen- 
ter screen positive and require further testing.'®© The yield of GDM 
can be increased by approximately 10% if the screening threshold 
is reduced to 130 mg/dL (7.2 mmol/L), which might be considered 
trivial from the epidemiologic cost/benefit perspective in that it in- 
creases the proportion who require further testing to 23-25% of 
women. '®*:!8°?!5 A Ithough it is convenient and rapid, measurement 
of capillary blood sugar with the use of reagent strips and portable 
meters is not sufficient for this purpose. Intratest variability of 


10-15% with such methods lowers both the sensitivity and speci- 
ficity of the procedure.” "$ 

A positive screening for GDM is followed by an oral glucose 
tolerance test (OGTT) for definitive diagnostic evaluation. We use 
a 100-g load for such diagnostic OGTTs and interpret the venous 
plasma glucose results according to the criteria of O’Sullivan and 
Mahan.'*? These criteria for the diagnosis of GDM were originally 
developed to identify a population of pregnant women who were at 
high risk for developing diabetes mellitus post partum. '*? In the ab- 
sence of criteria based on the specific relationships between hyper- 
glycemia and adverse perinatal outcome, the work of O’Sullivan 
and Mahan has been used as the basis of the criteria recommended 
by the NDDG,’ the GDM Workshop Conferences,” and the Ameri- 
can Diabetes Association” because it represents a well-designed, 
population-based study. The NDDG extrapolated values for Auto- 
Analyzer-measured plasma glucose from the criteria originally de- 
rived from whole blood glucose determination,’ and Carpenter and 
Coustan”!” later adjusted the values to approximate more closely 
the values obtained with the glucose oxidase enzymatic assay of 
plasma or serum glucose (Table 38-3). Use of the criteria of Car- 
penter and Coustan labels nearly 50% more subjects as GDM than 
is the case when the NDDG criteria are applied.'**:'** Data from 
several populations now indicate that the additional cases diag- 
nosed by Carpenter-Coustan criteria have a risk of perinatal mor- 
bidities similar to those of women diagnosed with the NDDG crite- 
ria.!¥42!8-220 Thus, the Fourth International Workshop Conference 


TABLE 38-3. Diagnosis of Gestational Diabetes Mellitus (GDM): 100-g Oral Glucose Tolerance Test* 


O’Sullivan-Mahan'"™ Whole 
Blood Somogyi-Nelson 
(mg/dL [mmol/L)) 
Fasting 90 [5.0] 
{ hour 165 [9.2] 
2 hour 145 [8.1] 
3 hour 125 [6.9] 


NDDG’ Plasma Auto- Carpenter-Coustan””” 
Analyzer Plasma Glucose Oxidase 
(mg/dL [mmol/L]) (mg/dL [mmol/L]) 
105 [5.8] 95 [5.3] 
190 [10.6] 180 [10.0] 
165 [9.2] 155 [8.6] 
145 [8.1] 140 [7.8] 


The 100-g oral glucose tolerance test is performed in the moming after an overnight fast of at least 8 hours, but not more than 
14 hours, and after at least 3 days of unrestricted dict (= 150 g carbohydrate/day) and physical activity. The subject should re- 
main seated and should not smoke throughout the test. Two or more of the venous plasma concentrations must be met or ex- 


ceeded for a positive diagnosis. 
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on GDM concluded that the Carpenter-Coustan criteria may be rec- 
ommended for the interpretation of a 100-g OGTT in pregnancy.* 

Values for interpretation of 75-g OGTTs have been defined in 
several study populations in the United States, Europe, Brazil, and 
Australia." As a general statement, it can be said that the various 
cutoff values that have been recommended for interpretation of the 
75-g OGTT do not differ greatly from the Carpenter and Coustan 
criteria for the 100-g OGTT. However, studies in which perinatal 
outcome has been evaluated in large numbers of pregnancies meet- 
ing the 75-g OGTT criteria for GDM are lacking. It is anticipated 
that the currently ongoing study funded by the National Institutes 
of Health and the American Diabetes Association (Hyperglycemia 
and Adverse Pregnancy Outcome) will provide data from which 
criteria can be derived that are based on the relationship between 
degree of hyperglycemia and risk of adverse perinatal outcome. 
Therefore, at this time, we suggest that clinics that have established 
programs for GDM detection and diagnosis continue to use the di- 
agnostic procedure with which they are familiar. 


Etiology and Pathogenesis 

Although all cases of GDM share the fact that they are first rec- 
ognized in association with the physiologic insulin resistance of 
pregnancy, they are also characterized by substantial phenotypic 
and genotypic heterogeneity.'***?' The severity of the carbohy- 
drate intolerance at the time of diagnosis represents one form of 
phenotypic heterogeneity, and it has served as the basis for the use 
of FPG to subclassify GDM (Table 38-1). It is also an important 
predictor of risk for progression to diabetes outside of preg- 
nancy.'*? There is also appreciable heterogeneity with regard to 
age and weight, and it has been long appreciated that women with 
GDM tend to be older and heavier than unselected “populations” of 
pregnant women. Finally, GDM is heterogeneous with respect to 
insulin resistance and B-cell function. 

Catalano and coworkers®’ have performed important serial 
studies of carbohydrate metabolism starting before pregnancy (Fig. 
38-5). Women with previous GDM but normal glucose tolerance 
were insulin-resistant compared with age- and BMI]-matched con- 
trols. During the first trimester, the GDM group showed a small in- 
crease in insulin sensitivity, whereas the controls showed a small 
decline. In late gestation, the normal subjects had developed marked 
insulin resistance and the GDM group became more insulin resis- 
tant than before gestation. Although both groups were very insulin- 
resistant in late pregnancy, the women with GDM were on average 
more insulin-resistant, with considerable overlap. Others have also 
found somewhat greater insulin resistance in GDM than in normal 
pregnancy.” In the Catalano study and in others, women with 
normal carbohydrate metabolism were found to compensate for the 
insulin resistance in late gestation with augmentation of B-cell func- 
tion that was appropriate for the level of insulin resistance. By con- 
trast, those with GDM fail to increase B-cell function adequately 
and show a large defect in first-phase insulin secretion when chal- 
lenged with oral or intravenous glucose.?*6-'5822! 

On the basis of clinical features, GDM has been classically 
considered to be a variant of T2DM. However, examinations for 
certain genetic “markers” suggest that there may be appreciable 
genotypic heterogeneity in GDM. Some patients exhibit auto- 
immune phenomenon,'** with glutamic acid decarboxylase 
(GAD) or islet cell antibodies'**?**7?5 found with variable 
prevalence depending on the population studied and the methods 
used. This is more common in Scandinavian countries, where there 
is greater prevalence of TIDM.”° These findings suggest that a 


small proportion of patients with GDM may have evolving T1DM 
with first appearance in pregnancy. Efforts to identify the specific 
cases prospectively may be justified in populations with a higher 
prevalence of TIDM. 

Racial/ethnic group differences in prevalence of GDM have 
been observed that are not fully accounted for by differences in 
maternal age or obesity.'**-'*??6 A small number of women with 
GDM have been found to have maturity-onset diabetes of the 
young (MODY) diabetes or defects in mitochondrial DNA. For 
most women with GDM, however, the specific mechanisms for ge- 
netic predisposition remain to be defined. 


Management 


Diet 

Medical nutritional therapy is the cornerstone of management 
and is implemented as soon as possible after the diagnosis of GDM 
is established. At Northwestern University, dietary recommenda- 
tions in the latter half of pregnancy are the same for GDM as in 
normal pregnancies and in pregnancies complicated by pregesta- 
tional diabetes (see discussion above). 


Insulin 

The precise place for insulin in the therapy of GDM is not fully 
crystallized.®:!"*?" In patients with fasting hyperglycemia diag- 
nostic of diabetes (i.e., FPG = 126 mg/dL [7.0 mm/L]), there is lit- 
tle, if any controversy.* At Northwestern University, insulin treat- 
ment is started as soon as the diagnosis of GDM is confirmed in 
these subjects because neonatal risks equal those for patients with 
pregestational diabetes. Insulin therapy is instituted in all gravidas 
with GDM and FPG = 105 and < 126 mg/dL (5.8-7.0 mmol/L) 
persisting on two successive determinations following a brief trial 
of dietary therapy. At many centers, insulin therapy is initiated if 
FPG exceeds 94 mg/dL (5.2 mmol/L), the revised upper limit of 
normal adopted by the Fourth International Workshop Conference 
on GDM.° Many'™ feel that a number of GDM mothers with FPG 
in the range of 95—104 mg/dL have unaffected offspring. They have 
suggested that pending the results of the ongoing Hyperglycemia 
and Adverse Pregnancy Outcome study mentioned above, one 
should not extend the criteria for initiation of insulin therapy to in- 
clude this subgroup of subjects. 

The use of insulin therapy is more controversial in women with 
GDM in whom FPG is consistently below the upper limits of “nor- 
mal,” i.e., <95 mg/dL (5.3 mm/L).7-""" ? Most patients with GDM 
fall into this category, and some of their offspring may be at increased 
risk for macrosomia**!!*-'58 and potentially other perinatal difficul- 
ties as well as long-range developmental changes.” 0-235 A céord- 
ingly, some have recommended therapy with insulin in all women 
with GDM who are over 25 years of age, or have offered insulin ther- 
apy as a prophylactic option against the possibility of macrosomia in 
all GDM pregnancies.”**?*” Others have applied strict goals for 
glycemic control that have resulted in the use of insulin to treat more 
than half*** or more than 85%'* of their subjects with mild GDM. 
Such aggressive treatment has been shown to reduce average birth- 
weight," 7< ? but the cost/benefits in terms of neonatal morbidity, 
childhood obesity, and glucose tolerance have not been demon- 
strated.* In the absence of such information, one should restrict 
the use of insulin treatment in GDM with FPG < 105 mg/dL 
(5.8 mmol/L), to those with | -hour post breakfast plasma glucose = 
140 mg/dL (7.8 mmol/L) and persisting despite diet therapy. 

Defining the optimal criteria for insulin treatment solely by 
blood glucose values is problematic because other metabolic fac- 
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tors”? and maternal nutrients in addition to glucose probably impact 
on fetal growth. ®*! 18.157 Criteria other than maternal blood sugar lev- 
els to determine the need for insulin therapy are being investigated. 
In uncontrolled trials, Weiss and colleagues™*°*' have reported 
good fetal outcomes when elevated amniotic fluid insulin levels 
(which reflect fetal hyperinsulinemia) have been used to determine 
the need for insulin therapy. Fetal ultrasound to measure shoulder 
soft tissue”? or abdominal circumference'******* have been em- 
ployed in an effort to select pregnancies with mild hyperglycemia at 
highest risk for macrosomia, and thus insulin treatment. It is to be 
hoped that controlled clinical trials designed to assess all these is- 
sues and strategies (perhaps on a multicenter basis) will provide the 
observations necessary for more definitive recommendations.” 

When insulin is used, doses ranging from 0.5 to 1.4 U/kg of 
body weight/day are required to maintain fasting and premeal glu- 
cose values of 65-85 mg/dL (3.6-4.7 mmol/L) and postprandial 
values of <140 mg/dL (7.8 mmol/L). A twice-daily “mixed” in- 
sulin regimen is usually employed, although multiple injections 
may be used. Sulfonylurea drugs, as a class, have been avoided 
during pregnancy because some of them have been shown to cross 
the placenta, stimulate fetal insulin secretion, and promote neona- 
tal hypoglycemia. Recently, clinical data have been presented by 
Langer and coworkers™” indicating that one of these agents, gly- 
buride, is devoid of these properties and is as efficacious as inten- 
sive insulin therapy in controlling maternal blood glucose concen- 
tration and preventing fetal and neonatal effects of GDM. If these 
finding are confirmed, glyburide may become an important alterna- 
tive for the treatment of GDM. 


Exercise 

Cardiovascular fitness training is known to increase insulin 
sensitivity and glucose disposal by recruitment of glucose trans- 
porter proteins, and it is often used in the treatment of suitable pa- 
tients. In pregnancy, concerns about increasing uterine contractil- 
ity, IUGR, prematurity, fetal bradycardia, and ketonuria have 
overriden the potential beneficial effects of strenuous exer- 
cise.“©?47 Two studies employing moderate exercise regimens in 
GDM, using either arm ergometry” or a recumbent bicycle,” 
have found them to be safe and effective in reducing fasting and 
postprandial glucose to a modest extent. In another trial that ex- 
plored the effects of moderate exercise on glycemic control, no 
beneficial response could be demonstrated.” Further studies of 
exercise in GDM are in progress. 


Monitoring Carbohydrate Metabolism 

Patients with GDM should monitor urinary ketones before 
breakfast and supper to detect possible deficiencies in dietary car- 
bohydrate. Many women on dietary therapy choose to monitor cap- 
illary blood glucose values as well. At each outpatient visit, fasting 
and 1-hour post-breakfast plasma glucose measurements should be 
obtained to help determine the need for insulin therapy. All patients 
who are treated with insulin should monitor capillary blood sugar 
before meals (4 X/day) at home as a guide to making insulin dosage 
adjustments on a weekly basis in consultation with the physician or 
nurse practitioner. It is also recommended that patients monitor 
postprandial blood glucose levels on at least 2 days a week. Moni- 
toring postprandial blood sugar exclusively to guide the selection 
of insulin doses has been claimed to be superior to a reliance on 
testing blood glucose concentrations before meals.7*' One ap- 
proach may not be inherently superior to the other, provided that 
appropriate target values are set and pursued vigorously. To assess 
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the accuracy on an ongoing basis, patients who perform fingerstick 
blood glucose testing should have plasma glucose measurements 
obtained at each prenatal visit to compare with a simultaneously 
obtained estimate of capillary blood glucose concentration. Some 
self-monitoring blood glucose systems may consistently over- or 
underestimate plasma glucose by as much as 10-15%. This must 
be determined on an individual basis and taken into account when 
insulin doses are modified.’ 


POSTPARTUM FOLLOW-UP 
Carbohydrate Metabolism 


The diagnosis of gestational diabetes carries significant implica- 
tions for long-term maternal health. During pregnancy, one cannot 
distinguish with certainty between evolving T1- or T2DM and tran- 
sitory glucose intolerance that will subside post partum. Postpar- 
tum reclassification and long-term follow-up are therefore essential 
(Table 38-1). Within the first year post partum, a significant pro- 
portion of our patients with GDM display impaired glucose toler- 
ance or diabetes mellitus by NDDG criteria.’ For women in whom 
FPG during pregnancy is elevated to levels that are diagnostic of 
diabetes, the incidence is 75-90%.***">* It is likely that in some of 
these, abnormalities in glucose tolerance antedate pregnancy.*°??"* 
Although their testing procedures differed somewhat, workers 
from Los Angeles,” East Germany,”°° Australia,’"* and Saudi 
Arabia”’’ have also reported high incidence of impaired glucose 
tolerance during the first 1 or 2 years of postpartum follow-up. 
Many others have shown that GDM, based on a variety of diagnos- 
tic criteria, identifies women at high risk for the later development 
of diabetes mellitus and that the incidence increases progressively 
with time from the index pregnancy. !93-!98-199.258-263 

Certain genetic and phenotypic characteristics that are observ- 
able during pregnancy convey a higher risk for postpartum glucose 
intolerance.777-752753.255.258.262-264 These include relative insulinope- 
nia; severity of glucose intolerance at diagnosis; obesity; early gesta- 
tional age at diagnosis; racial/ethnic origin (increased in Hispanics); 
and family history of maternal diabetes. Using multiple logistic re- 
gression, the independent associations between these factors and di- 
abetes mellitus developing early post partum and up to 5 years later 
were examined.” Relative deficiency (lower basal insulin levels 
and blunted acute-phase insulin response to oral glucose) and the 
severity of antepartum hyperglycemia (fasting and 2-hour values) 
were independently associated with the presence of diabetes melli- 
tus in the early postpartum period. Obesity (with its associated in- 
creased insulin resistance) and blunted integrated insulin responses 
(area under the curve) were also independent variables in those who 
developed diabetes mellitus up to 5 years post partum. The other 
prognostic factors (early gestational age at diagnosis, racial/ethnic 
origin, and family history of maternal diabetes) are probably medi- 
ated through one or more of the independent factors noted above. 

Because of the risks outlined above, all women with GDM 
should receive an assessment of glucose tolerance within 6- 
12 weeks after delivery. Initial evaluation should be either the 
measurement of fasting plasma glucose concentration or a 75-g 
OGTT. Results should be interpreted according to the American 
Diabetes Association Expert Committee on the Diagnosis and 
Classification of Diabetes Mellitus.” Those who manifest persistent 
glucose intolerance (impaired fasting glucose, impaired glucose 
tolerance test, or T2DM) should receive appropriate counseling 
and/or therapy. At the time of any subsequent pregnancy, their 
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status should be classified as indicated in Table 38-1. Kjos and 
coworkers”””?5°765-267 have identified postpartum characteristics 
that predict risks of progression to diabetes at the time of postpar- 
tum evaluation. Risk factors include higher level of glycemia at ini- 
tial postpartum evaluation, further weight gain, use of progestin- 
only oral contraceptive pills, and subsequent pregnancy. 

Individuals with a normal postpartum FPG or OGTT need 
annual fasting or postload glucose testing and should be aware that 
glucose intolerance, although not invariable, will probably recur 
during any future pregnancy, if not before. As yet, only limited data 
are available from long-term intervention efforts designed to mit- 
igate the development of diabetes under nongravid conditions. 
Nonetheless, it seems prudent to advise patients to maintain ideal 
body weight, to exercise regularly, and to avoid the use of 
progestin-only oral contraceptives, thiazides, niacin, and oral cor- 
ticosteroids if possible. Clinical trials that include evaluation of 
pharmacologic agents to “prevent” or delay the development of di- 
abetes in individuals at high risk, including women with previous 
GDM, are now being carried out. One trial, the Diabetes Preven- 
tion Program, includes intensive lifestyle intervention and met- 
formin treatment arms.” It will conclude in the year 2002. An- 
other, in which the insulin-sensitizing drug troglitazone was used, 
has provided encouraging preliminary results.” Use of the agent 
was discontinued when the drug was removed from sale; however, 
the rate of conversion to diabetes was significantly reduced during 
the 2 years of exposure to troglitazone. It is not yet known whether 
this effect persisted after discontinuation of the drug. 


Contraception and Other Considerations 


The postpartum period is an ideal time to practice preconception 
counseling, since a recently parous woman, who is of proven fe- 
cundity, is likely to conceive again. Behaviors that will promote 
good health should be discussed, including issues such as weight 
loss and exercise. These may not have been appropriate interven- 
tions to initiate during pregnancy. The benefits of good metabolic 
control lifelong, especially prior to a planned pregnancy, should be 
reinforced.””” 


After Pregestational Diabetes 

For the woman with T1DM, there are few substantive reasons 
for selecting one contraceptive method over another, and the 
woman’s desires should be paramount in the decision. Although 
barrier methods (condom, diaphragm) might be considered ideal 
choices because of the absence of systemic effects and paucity of 
side effects, these methods are attended by a failure rate of at least 
5% per woman-year.”’° Copper-containing intrauterine devices are 
equally effective and safe in women with diabetes mellitus but 
should be reserved for those in a mutually monogamous relation- 
ship due to the risk of pelvic infection. 

Although the early generations of combination oral contracep- 
tives incurred risks of adverse metabolic effects (e.g., reduced 
carbohydrate tolerance, lowering of high-density lipoproteins), 
contemporary formulations have a severalfold reduction in hor- 
monal potency accompanied by an attenuation of metabolic side 
effects.”° Preparations containing norethindrone as the progestin 
appear to have fewer metabolic effects than levonorgestrel. How- 
ever, the low serum levels manifested with levonorgestrel implants 
have been shown to effect only minor metabolic changes in nondi- 
abetic women, with excellent protection against pregnancy for up 
to 5 years. Newer progestins of increased selectivity (e.g.. deso- 


gestrel) have shown promise of minimal metabolic effects. The use 
of hormonal contraceptives in women with diabetic vasculopathy 
remains controversial. However, documented cardiovascular risks 
of hormonal contraceptives in nondiabetic women, particularly 
myocardial infarction, have been linked to concurrent smoking 
and higher dose formulations, and there are no adequately con- 
trolled studies in women with diabetes mellitus. Thus, the benefit 
of excellent contraceptive efficacy must be weighed against theo- 
retical risks. 


After GDM 

Although contraceptive counseling is similar to that for women 
with T1DM, there is the concern that oral contraceptives may result 
in a recrudescence of carbohydrate intolerance.7°°?6”?” This con- 
cem has not been borne out with use of contemporary low-dose 
formulations. However, progestin-only oral contraceptive agents 
have been associated with some increased risk of diabetes after 
GDM.”*67 ft is prudent to document normal postpartum carbohy- 
drate tolerance before initiating any hormonal contraceptive and to 
recommend regular surveillance at 6—12-month intervals. 
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CHAPTER 39 


The Offspring of the Mother with Diabetes 


Bernard L. Silverman 
Edward S. Ogata 
Boyd E. Metzger 


PREGNANCY AS A “TISSUE 
CULTURE EXPERIENCED” 


The importance of the intrauterine environment as a determinant of 
metabolic function throughout the life span is being increasingly 
recognized.' The late Jorgen Pedersen of was the first to propose a 
mechanism whereby maternal fuels may exert a direct effect on the 
fetus.” In attempting to explain the large babies that are sometimes 
seen in pregnancies complicated by diabetes, he advanced the 
hyperglycemia-hyperinsulinism hypothesis. Therein he postulated 
that more maternal glucose gains access to the fetus whenever ma- 
termal insulin is inadequate, and that this extra glucose stimulates 
insulin release in the fetus and thereby produces an increase of fetal 
mass.” Pedersen’s hypothesis gained increased credence with the 
demonstration that the placenta is impermeable to insulin’ so ma- 
ternal and fetal insulin (and the metabolic effects of such insulin) 
are separately compartmentalized. 

Subsequent work demonstrated that al? maternal fuels may be 
maladjusted in even the mildest forms of gestational diabetes.*® 
Thus multiple fuels may contribute to the enhanced availability of 
building blocks for fetal growth and the premature development 
and functional activation of fetal B-cell secretion that Pedersen 
postulated.”> Accordingly, the Pedersen hypothesis can be modi- 
fied to include maternal fuels besides glucose that are also regu- 
lated by maternal insulin*’ (Fig. 39-1). It is then expected** that 
the growth enhancing actions of these fuels would affect fetal 
insulin-sensitive structures’-'* to a greater degree than structures 
which are relatively insulin-insensitive.!!~'? Thus the hallmark of 
diabetic macrosomia should be asymmetrical growth in which 
weight (as an index of adipose stores) would be affected more than 
biparietal diameter (as an index of cerebral growth) or length (as an 
index of skeletal growth).™!*!" Thus pregnancy can be likened to a 
“tissue culture experience” since most of these fuels cross the pla- 
centa in concentration-dependent fashion (see Chap. 38)’ so their 
concentrations in the maternal circulation may determine the quan- 
titative as well as qualitative characteristics of the “incubation 
medium” in which the conceptus develops.*® 

In support of the “tissue culture” formulation and the modified 
Pedersen hypothesis, it has been shown that even the most minor 
abnormalities in glucoregulation during pregnancy (i.e., gesta- 
tional diabetes mellitus class Al: see Chap. 38) are attended by 
(1) enhanced functional maturation of the B-cells in fetal islets 


(as judged in utero by increased levels of immunoreactive in- 
sulin in amniotic fluid during late pregnancy,'°~'® or at birth 
by elevated C-peptide/glucose ratios in cord blood'*!”"*); and 
(2) relatively greater rates of growth in insulin-sensitive than in 
insulin-insensitive structures (as judged by serial ultrasound 
patterns in utero’? or weight/length relationships at birth'*'*), In 
studies of body composition, Catalano and colleagues have 
demonstrated increased fat mass in offspring of mothers with ges- 
tational diabetes, even at birthweights similar to those of offspring 
of mothers with normal glucose tolerance.’ More importantly, 
these developmental changes can be correlated directly with ma- 
ternal plasma levels of amino acids and FFA, as well as glucose, 
during the second or third trimester.*?°-”” Thus all maternal fuels 
may be implicated in the altered developmental timetables which 
appear to affect certain structures more than others, especially in 
late fetal life. 


CLINICAL FEATURES OF SPECIFIC MORBIDITIES 


The morbidities in the infants of diabetic mothers (IDMs) are un- 
derstood most readily in the context of the above alterations in the 
delivery of multiple building blocks from mother to conceptus and 
the attendant premature morphological and functional develop- 
ment of the B cells of the fetal pancreas leading to hyperinsulinism. 
Conversely, extensive clinical experience has documented that both 
the frequency and the severity of neonatal morbidities are reduced 
substantially when diabetes mellitus is well controlled throughout 
gestation.”**+ However, because of the variability in quality of an- 
tepartum metabolic control that is attained, the medical team at- 
tending the delivery on an infant of a diabetic mother must remain 
prepared to deal with a wide spectrum of neonatal morbidities. 


Unexplained Fetal Loss During Late Gestation 


In the past, difficulties in pinpointing the cause(s) of this major 
perinatal complication of diabetes in pregnancy or identifying in- 
dividual pregnancies at highest risk contributed heavily to the 
practice of arbitrary early delivery. Improvements in metabolic 
control of diabetes throughout pregnancy and in obstetric assess- 
ment of fetal well-being (see Chap. 38) have markedly reduced the 
frequency of this dreaded complication. Studies with animal mod- 
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els have also provided important clues regarding pathophysiology. 
Philipps and coworkers”>-*” have used the chronically catheter- 
ized fetal sheep to demonstrate that sustained fetal hyperglycemia 
is associated with stimulation of fetal oxygen consumption,” in- 
creased fetal uptake of substrates (glucose and lactate), and pla- 
cental lactate production,” and can result in fetal hypoxia with 
consequent metabolic acidosis and fetal demise.” While this 
pathophysiological sequence has not been proven in humans, it 
could explain some of the increased risk of intrauterine fetal death 
and poor ability to tolerate labor which remain major concerns 
when pregnancy complicated by diabetes mellitus has not been 
optimally controlled. 


Birth Defects 


Experimental, clinical, and epidemiologic studies indicate that 
increased risks of congenital malformations and spontaneous abor- 
tions in pregnancies complicated by diabetes are linked to distur- 
bances in maternal metabolism around the time of conception. As 
summarized in Chap. 38, data currently available indicate that pre- 
disposition to congenital malformations is unlikely to be explained 
by a single circulating metabolic agent, but instead may be multi- 
factorial in origin. A number of factors that might mediate “meta- 
bolic teratogenesis” have been described (myoinositol depletion, 
polyol accumulation, arachidonic acid deficiency, free oxygen 
radical generation). However, alterations in the concentrations of 
metabolic fuels singly or in combination, do not appear to directly 
account for the potent dysmorphogenic actions of serum from 
pregnant diabetic women or diabetic animals. 

Although neither the precise time nor duration of exposure to 
an abnormal metabolic environment necessary for adverse events 
to develop in the human embryo has been pinpointed, there has 
been substantial progress towards their prevention. When counsel- 
ing and improved control of diabetes mellitus are initiated prior to 
conception, several groups have reported rates of major congenital 
malformations not higher than expected in the general obstetrical 
population. Unfortunately, in the United States, the majority of 
pregnant women with diabetes are not enrolled in regimens of tight 
metabolic control prior to conception. Consequently major con- 
genital malformations are still commonly encountered. 
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FIGURE 39-1. Effect of maternal fuels on fetus development. 
The classical “hyperglycemia-hyperinsulinism” hypothesis of 
Pederson" has been modified** to include the contributions of 
other maternal fuels beside glucose that are also responsive to 
maternal insulin. All of these can influence the growth of the 
fetus and the maturation of fetal insulin secretion. Within this 
formulation, growth will be disparately greater in insulin- 
sensitive than insulin-insensitive tissues in the fetus. 


Neonatal Care of IDMs with 

Major Malformations 

Infants of diabetic mothers (IDMs) with major malformations 
should be evaluated as if the cause of their malformations might 
not be maternal diabetes (i.e., fuel-mediated teratogenesis is best 
considered an etiology of exclusion). For this reason, a genetics 
consultation might be warranted as chromosomal analysis and 
other genetic studies may be indicated. In addition, depending on 
the type of malformation and the findings of a careful physical ex- 
amination, studies of other organ systems (e.g., ultrasound imaging 
of the heart, kidneys, etc.) may be important because an anomaly 
of one organ system may be associated with one in another system. 
It is appropriate to perform an imaging study of the brain to check 
for any gross abnormalities. With completion of this evaluation, ap- 
propriate plans for care can be implemented. 

A multidisciplinary approach to support the family is critically 
important to address their emotional, social, and financial needs. 
Every effort must be made to explain the nature of the malforma- 
tion and treatment options. If necessary, long-term care plans must 
be devised and all aspects of discharge planning arranged well 
before the infant leaves the hospital. 


Disturbances in Fetal Growth 


As noted earlier, alterations in maternal metabolic fuels have a direct 
influence on the functional state of the fetal pancreatic B cells and the 
regulation of fetal growth. Normalization of the metabolic milieu 
throughout pregnancy is the key to prevention of fetal hyperinsulism 
and diabetic macrosomia. This topic is explored in depth in Chap. 38. 
Despite the greater insight into the regulation of intrauterine growth, 
the incidence of large babies has tended to increase in recent years, 
especially in type 1 diabetes mellitus (T1DM). Better control of dia- 
betes in early pregnancy (thus avoiding early growth retardation) and 
discontinuation of routine delivery before term may account for the 
rarity of intrauterine growth restriction and the increased prevalence 
of macrosomia. Rates of macrosomia as high as 30-40% have been 
reported in recent years, and the risk of birth trauma (shoulder dys- 
tocia) associated with truncal adiposity that is typical of diabetic 
fetopathy has increased. Thus delivery and neonata! care of IDMs 
continue to present challenges in perinatal management. 


Chapter 39 


Hypoglycemia 


The normal human fetus at term is sufficiently metabolically ma- 
ture to adapt to extrauterine life. It has adipose tissue, triglyceride 
stores, hepatic glycogen stores, and gluconeogenic capabilities. 
These depots interact in homeostatic fashion at birth as cate- 
cholamine and glucagon secretions surge while insulin secretion 
diminishes. The integrated relationships favor the production of 
endogenous glucose so the neonate can adapt to the sudden cessa- 
tion of matemally-derived glucose.” Symptomatic hypo- 
glycemia supervenes whenever this endogenous production of 
glucose is insufficient to sustain the fuel requirements of the brain. 
While cerebral uptake of glucose at a given concentration of 
circulating glucose can be somewhat variable, determinations of 
plasma or blood glucose concentrations offer the only clinical 
means of assessing glucose delivery. From the screening of a large 
number of infants during the neonatal period, plasma glucose con- 
centrations of 1.4-1.7 mmol/L have often been used as bench- 
marks of neonatal hypoglycemia. However, it has been suggested 
that glucose provision to tissues may not always be adequate when 
plasma glucose concentrations are at these statistically-derived 
lower limits, and that a value of 2.2 mmol/L is more consistent 
with safe levels of glucose flux.*' Within that framework, approxi- 
mately 20-25% of all IDMs experience neonatal hypoglycemia, 
usually during the first 4—6 hours. It must be emphasized that the 
level of plasma glucose concentration corresponding to inadequate 
provision of glucose to the brain is difficult to assess and that the 
duration of hypoglycemia necessary to damage the central nervous 
system has not been determined.” ? Within this framework, transient 
or persistent hypoglycemia (defined as two or more plasma glucose 
concentrations <!.7 mmol/L in the first 48 hours of life), when di- 


FIGURE 39-2. The effect of intravenous glucose on 
plasma C peptide in the newborn. The secretory re- 
sponse to glycemic challenge in newborns of mothers 
with normal carbohydrate metabolism (solid circles) is 
sluggish, characteristic of relatively immature islet 
function. By contrast, the response is brisk and greater 
in the IDM (open circles), reflecting earlier maturation 
of stimulus-secretion coupling in fetal islets. (Repro- 
duced from Phelps et al.) 
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agnosed and treated does not adversely affect cognitive develoy 
ment in IDMs at 2-5 years of age. This emphasizes the importanc 
of optimizing maternal and neonatal care.” 

The potent role of hyperinsulinism in neonatal hypc 
glycemia has been verified by isotopic estimates of glucos 
flux in newborn IDMs.**** Additionally, the hyperplastic’ 
and hyperfunctioning'*!”'*?8-*? islets of the IDM respond t 
acute glycemic challenge with brisk insulin secretion rather tha 
the blunted insulin release that constitutes the normal neonat: 
pattern (Fig. 39-2). The hyperinsulinemia limits hepatic glucos 
production directly and also enhances tissue uptake of glucose 
Hepatic glucose production also may be compromised by an ar 
tepartum inhibition of the induction of such key gluconeogeni 
enzymes as liver phosphoenolpyruvate carboxykinase.*? Insuli 
has been shown to block the transcription of mRNA for phos 
phoenolpyruvate carboxykinase." 

The clinical manifestations of neonatal hypoglycemia ma 
vary substantially. Thus hypoglycemic infants may remain asymp 
tomatic or become limp, obtunded, jittery, tremulous, sweaty, c 
cyanotic. Seizures may develop and profound hypoglycemia ma 
cause brain damage. If hypoglycemia is prolonged, myocardiz 
contractility diminishes and congestive heart failure may develop 
Accordingly, all IDMs should be screened for hypoglycemia hour! 
until the first full feeding and at frequent intervals during the firs 
24 hours of life. If glucose oxidase-impregnated reagent strips ar 
used to screen for neonatal hypoglycemia, abnormal values must b 
confirmed with actual plasma or blood determinations in the labc 
ratory. While awaiting laboratory documentation, asymptomatic in 
fants who are capable of oral feeding may receive glucose solutio 
to correct hypoglycemia. Symptomatic infants should be treate 
with 10-15 mL/kg of 10% glucose solution rather than with mor 
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concentrated solutions of glucose, that carry the risk of precipitat- 
ing greater acute insulin release. Follow-up estimates of plasma or 
blood glucose must always be secured to assure adequacy of ther- 
apy and to screen for potential recurrence of hypoglycemia. 


Respiratory Distress Syndrome (RDS) 


Infants of diabetic mothers have been considered at increased risk 
for the development of RDS.*> However, much of this risk may 
have been eliminated by the recent emphasis on tight control of 
maternal metabolism (see Chap. 38). The inordinate susceptibility 
of the offspring of the poorly regulated diabetic mother to RDS has 
been linked to a delay in the processes leading to fetal lung matura- 
tion. Hyperglycemia as well as hyperinsulinism have been impli- 
cated“° due to their inhibitory effects on surfactant synthesis by the 
pulmonary type II cell. The advent of exogenous surfactant therapy 
has greatly improved the ability to treat RDS. 


Hypocalcemia and Hypomagnesemia 


Total plasma or ionized calcium concentrations should be meas- 
ured after birth in both sick and healthy IDMs since significant 
hypocalcemia may develop in the neonatal period, even when the 
effects of prematurity and birth asphyxia are taken into considera- 
tion.“ Parathyroid hormone secretion in IDMs has been reported 
to be blunted during the first 4 days of life**“? compared to infants 
of normal mothers. Hypomagnesemia which limits parathyroid 
hormone secretion even in the presence of hypocalcemia may 
be an important contributing factor.” The hypomagnesemia devel- 
ops in women with diabetes as a result of increased renal losses 
associated with glucosuria. This in turn causes fetal and neonatal 
hypomagnesemia. 

Clinical signs of hypocalcemia include jitteriness, twitching, 
or seizures; arrhythmias may also occur. It should be remembered 
that the neonate may not develop the characteristic prolongation of 
the QT interval associated with hypocalcemia in the adult. Respira- 
tory distress syndrome and birth stress also increase the risk of 
hypocalcemia. 

Symptomatic hypocalcemia should be treated with an infusion 
of 10% calcium gluconate (2 mL/kg body weight over 5-10 min- 
utes). During infusion, monitoring with an electrocardiogram is 
important. IDMs may require from 75-200 mg/kg elemental cal- 
cium/day administered either enterally or parenterally. IDMs who 
are hypocalcemic on the basis of hypomagnesemia will not become 
normocalcemic until their hypomagnesemia is corrected. A 50% so- 
lution of magnesium at a dose of 0.25 mg/kg may be administered 
intramuscularly to correct hypomagnesemia. 


Polycythemia/Hyperviscosity 


IDMs are at increased risk for polycythemia and for the devel- 
opment of the neonatal polycythemia/hyperviscosity syndrome. 
Increased red cell mass is directly correlated with hyperviscosity. 
Hyperviscosity or red cell sludging can have severe consequences 
since it can damage any organ. Seizures and gastrointestinal in- 
jury are among the major complications of hyperviscosity. Several 
mechanisms have been proposed but not proven for polycythemia 
in IDMs. These include increased hematopoiesis, possibly as a 
consequence of intrauterine hypoxia or enhanced placental trans- 
fusion at delivery. The primary therapy for the polycythemia/ 
hyperviscosity syndrome is partial exchange transfusion to reduce 
red cell mass. 


Hyperbilirubinemia 


Neonatal hyperbilirubinemia occurs more frequently in IDMs 
because of increased red cell breakdown.*! Some of this may 
be due to increased red cell mass, and diminished red cell dis- 
tensibility, with a consequent increase in the generation of biliru- 
bin for hepatic conjugation and excretion. The delay in the 
switch in production from Hgb F to Hgb A may also be a factor. 
It is also possible that as a consequence of altered maternal 
metabolic fuel availability, red cell membrane composition in 
IDMs may differ from normal, resulting in increased susceptibil- 
ity and hemolysis. In addition, the macrosomia of the IDM can 
increase the risk of bruising at delivery and thereby also augment 
bilirubin production. 


Hypertrophic Cardiomyopathy 


Many IDM neonates have a thickened interventricular septum and 
left or right ventricular wall.*? While most such infants are asymp- 
tomatic, some develop congestive heart failure as a result of left 
ventricular outflow obstruction. These abnormalities generally 
regress over 3—6 months. Since cardiac muscle is responsive to in- 
sulin, it has been suggested that the cardiomyopathy represents an 
acquired defect linked to the increased availability of insulin dur- 
ing fetal life. This possibility is strengthened by the fact that hyper- 
trophic cardiomyopathy has been reported in infants of women 
with gestational diabetes.™ 


“Lazy Left Colon” 


A functional bowel anomaly unique to IDMs may present as 
neonatal gastrointestinal obstruction. Barium contrast studies are 
suggestive of aganglionic megacolon. However, unlike Hirsch- 
sprung’s disease, bowel innervation is normal in this “lazy left 
colon” or “small left colon” syndrome so that normal bowel func- 
tion eventually supervenes.°> 


LONG-RANGE IMPLICATIONS 
OF THE INTRAUTERINE ENVIRONMENT: 
FUEL-MEDIATED TERATOGENESIS 


Some of the above diabetes-related changes affect cells which may 
be terminally differentiated at birth and thought to undergo rela- 
tively limited replication thereafter (e.g., adipocytes, B cells of the 
pancreas, brain cells, etc.). These relationships prompted Freinkel 
to suggest that the actions of maternal fuels in developmental biol- 
ogy should be viewed in pharmacological as well as nutritional di- 
mensions.***°” He proposed that abnormal fuel delivery in utero 
could exert permanent long-range effects upon the offspring (“‘fuel- 
mediated teratogenesis”*°’). For example, maternal hyperglycemia, 
hyperaminoacidemia, or elevated free fatty acids during the second 
half of pregnancy when fetal adipocytes, muscle cells, pancreatic 
cells, and neuroendocrine networks are undergoing proliferation 
and differentiation might confer greater vulnerability for obesity or 
type 2 diabetes mellitus (T2DM) in later life; abnormal fuel mix- 
tures during the first and second trimester when the brain is estab- 
lished and brain cells are being formed might result in subsequent 
neurologic, psychologic, or cognitive deficits; and disturbances in 
the early part of the first trimester during embryogenesis might 
compromise organogenesis and so produce birth defects (fuel- 
mediated organ teratogenesis).°°” 


Chapter 39 


In recent years, many reports have been published in support of 
the concept of fuel-mediated teratogenesis. A substantial propor- 
tion of the data have come from the long-term follow-up of off- 
spring of diabetic mothers at the Northwestern University Diabetes 
in Pregnancy Center and the National Institutes of Health Pima In- 
dian studies. These results and others will be summarized in the 
sections that follow. 


Birth Defects 


Although the development birth defects in pregnancies compli- 
cated by diabetes mellitus provides compelling confirmation of 
Freinkel’s original hypothesis, this topic will not be considered in 
detail here. As indicated above and in Chap. 38, a metabolic basis 
for diabetic embryopathy has been established, although neither 
the precise time nor duration of exposure to an abnormal metabolic 
environment necessary for adverse events to develop in the human 
embryo has been pinpointed. It has also been demonstrated that the 
risk of diabetic embryopathy can be eliminated by good metabolic 
control around the time of conception. However, because participa- 
tion in programs that provide such preconception care is far from 
universal, this form of fuel-mediated teratogenesis continues to be 
seen with alarming frequency. 


Behavioral and Intellectual Functions 


The possibility of long-term neurologic deficits in the offspring of 
diabetic mothers has been recognized for a number of years.* 
Yssing encountered “cerebral handicaps of definite clinical signifi- 
cance” in 18% of neonatally surviving Danish children born 
between 1946 and 1966 with a birthweight greater than 1000 g.” 
Obvious factors, such as prolonged severe neonatal hypoglycemia, 
birth trauma, neonatal kernicterus, and others have been implicated 
in many such cases in the past.°-°’ However, more subtle adverse 
effects have also been ascribed to fuel metabolism-related pathol- 
ogy. An apparent correlation between acetonuria during pregnancy 
and diminished IQ in the offspring prompted the suggestion that 
ketonemia may impair long-term intellectual performance.**-? The 
deleterious effects were attributed to ketones per se since they were 
encountered following all types of acetonuria (i.e., that caused by 
diabetes as well as malnutrition). These retrospective epidemio- 
logic observations have been challenged,“ although the demon- 
stration by Shambaugh that ketones can inhibit pyrimidine® and 
purine™ metabolism in fetal rat brain cells could provide some bio- 
chemical basis. 

The longitudinal observations of the Northwestern University 
Diabetes in Pregnancy Center have included detailed analysis of 
neuropsychological development in offspring of diabetic mothers. 
On average, these offspring experienced minimally abnormal in- 
trauterine fuel exposures. Significant mental deficiency was no dif- 
ferent than national estimates in this group of offspring of mothers 
with well-controlled gestational and pregestational diabetes. Direct 
correlations were found between poorer maternal glucoregulation 
during the second and third trimester and poorer performance at 
birth in the interactive, motor, and physiologic dimensions of the 
Brazelton Neonatal Behavioral Assessment Scales." Similarly, 
direct correlations between mild maternal ketonemia in the second 
and third trimester and poorer performance on both the Mental De- 
velopment Index of the Bayley Scales of Infant Development at 
age 2 and the Stanford-Binet Intelligence Scales at ages 3-5 years 
have been reported.” Finally, average scores on the WISC-R Full 
Scale IQ at ages 7—11 years were inversely correlated with mater- 
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nal HbA,, in the second trimester and B-OHB in the third trimester. 
Impaired psychomotor development at 6-9 years of age, as as- 
sessed by the Bruininks-Oseretsky Test of Motor Proficiency, is 
also associated with maternal ketonemia in the second and third 
trimesters.” In these studies, careful perinatal and neonatal care 
were provided and perinatal morbidities were generally of mild or 
moderate severity. The perinatal morbidities associated with being 
an IDM did not appear to be responsible for adverse psychomotor 
and cognitive outcomes. Analysis of child educational achieve- 
ment’! demonstrated lower scores on the arithmetic index that cor- 
related with higher maternal third-trimester free fatty acids, but no 
other correlations were observed. The above correlations between 
intrauterine metabolism and development in childhood persist 
when controlled for socioeconomic status and ethnicity. Moreover, 
they are not substantially different in gestational than in preges- 
tational diabetes mellitus. Behavioral adjustment scales did not 
significantly correlate with indices of antepartum maternal metabo- 
lism. However, correlations were observed between obesity in the 
offspring and internalizing behavior problems.” 

Data reported from Denmark are also consistent with the pos- 
tulate of congenital fuel-mediated behavioral effects.’? Denver De- 
velopmental Tests in the offspring of diabetic mothers at age 4 
were correlated with their prior patterns of early intrauterine 
growth as measured by ultrasound during weeks 7-14 of preg- 
nancy. Researchers encountered abnormal tests in 32.3% of the 34 
4-year-olds who had displayed “early growth delay” (presumably 
reflective of faulty intrauterine milieu, since such delayed growth 
occurs in the offspring of mothers with the most elevated values for 
glycosylated hemoglobin at that time).”* By contrast, Denver De- 
velopmental Tests were abnormal in only 8.0% of the 50 offspring 
from diabetic mothers whose intrauterine rates of growth had 
been normal during weeks 7-14 of pregnancy and in 11.6% of 86 
4-year-olds from nondiabetic mothers.” 

Sells and colleagues compared neurodevelopment through 
36 months of age in 109 infants of mothers with T1DM and 90 con- 
trol infants.’ Mothers who were enrolled in a program of strict 
glycemic control before or within 21 days of conception had lower 
glycosylated hemoglobins than mothers enrolled later. Neurodevel- 
opment of the offspring of earlier-enrolled mothers was similar to 
the control infants, whereas offspring of the later-enrolled mothers 
scored less well on tests of language development. There were no 
differences on the Bayley Scales of Infant Development or the 
Stanford-Binet Intelligence Scale. 

Such experiences have not been universal—Several retrospec- 
tive surveys have failed to disclose an increased incidence of gross 
neurologic and/or IQ deficits in the offspring of diabetic moth- 
ers.’°”” However, negative reports need not necessarily exclude the 
possibility of small correlations between perturbations of maternal 
metabolism at key stages in pregnancy and long-range behavioral 
and/or intellectual performance. 


Obesity 


A number of analyses of the offspring of diabetic parents have dis- 
closed disparities in weight relative to height during childhood and 
adolescence. ”*-® Vohr and coworkers observed that this obesity 
tends to correlate with birthweight.*?? However, this association 
was not found by others. White®’ and more recent workers***> 
noted that the obesity is far more frequent in the offspring of 
diabetic mothers than diabetic fathers. However, none of the early 
reports provided direct correlations with metabolic status during 
intrauterine development. 
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In the Northwestern University Diabetes in Pregnancy Center 
study, neonatal macrosomia in offspring of diabetic mothers disap- 
peared by 1 year of age.®° This contrasts with data from the general 
population, where large neonates tend to remain larger than aver- 
age for at least the first 5 years of life.” After 2-3 years of age, off- 
spring of diabetic mothers tend to gain weight faster than other 
children, and rapid weight gain is observed after 5 years of age.” 
By 8 years of age almost half of the offspring of diabetic mothers 
in this cohort had a weight greater than the 90th percentile.** This 
trend continues into adolescence, with rather dramatic increases in 
body mass index for the highest quartile (Fig. 39-3). Significant 
differences were not observed between offspring of mothers with 
gestational diabetes mellitus (GDM) when compared to offspring 
of mothers with pregestational diabetes mellitus (PGDM). Addi- 
tionally, these studies have provided evidence that fetal islet 
function may confer predictive insights concerning long-term an- 
thropometrics. Relative obesity in childhood, at ages 6-8 years, is 
significantly correlated with insulin secretion in utero (as judged 
by amniotic fluid insulin content at week 32-34 of pregnancy),®” as 
is relative obesity in adolescence, ages 14-17 years.*° 

In a study of 71 offspring of mothers with T1DM, Weiss and 
associates found correlations between amniotic fluid insulin meas- 
ured at 31 + 2 weeks gestation and body mass index at 5-15 years 
of age.” 

Further compelling support for an effect of antepartum mater- 
nal glucoregulation on the subsequent anthropometric development 
of the offspring has come from the Pima Indian Study, an NIH- 
supported epidemiologic survey initiated in 1965 to secure longitu- 
dinal characterizations of diabetes in a relatively pure genetic 
group having “the highest reported incidence and prevalence of 
type 2 diabetes.”®' The subjects consist of Pima Indians (and some 
Papago Indians) who live in the Gila River Indian community of 
Arizona. As part of that study, each community resident over 
5 years of age is asked to have an examination which includes 


FIGURE 39-3. Physical growth of offspring of diabetic mothers expressed 
as body mass index (BM1). Solid lines indicate percentiles for BMI of nor- 
mal American children as published by NCHS!*°: dashed lines depict 25th, 
50th, and 75th percentiles for ODM. Data were smoothed by fitting to a 
third order regression.'!* 
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measurements of height and weight and a modified glucose toler- 
ance test approximately every 2 years. 

Pettitt and coworkers have correlated the two-hour response of 
Pima Indian mothers to oral glucose during pregnancy with the 
occurrence of obesity in their offspring.** They have found that 
obesity (=140% of standard weight for height) is present at age 
15-19 in two-thirds of the offspring who were presumably exposed 
to an abnormal intrauterine environment by virtue of their mothers 
being diabetic during gestation. By contrast, they have encountered 
obesity in only 40% of the 15- to 19-year-olds whose mothers had 
the genetic propensity for obesity and diabetes, but did not become 
diabetic until after the pregnancy (i.e., “prediabetic mothers”) and 
in 30% of the offspring whose mothers never became diabetic (i.e., 
“nondiabetic mothers”). Moreover, offspring of diabetic women 
were heavier than offspring of nondiabetic and prediabetic women 
regardless of birthweight.”” Thus although the characterizations of 
the Pima Indian pregnancies on the basis of a single 2-hour 
post-glucose load preclude correlations with fuels other than glu- 
cose, or with metabolic status throughout pregnancy, the overall 
experiences are consistent with the theory of fuel-mediated 
“anthropometric” teratogenesis."*’ The report from Italy of 
greater relative weight-to-height at age 4 in the offspring of dia- 
betic mothers whose control was “poor” rather than “good” dur- 
ing the index pregnancy” provides additional support. However, 
well-controlled, mild gestational diabetes may not increase risk of 
obesity in offspring before the age of 10 years.” Others continue to 
report an increase in obesity in offspring of women with TIDM.”° 
In a study of 200 offspring of diabetic mothers, Plagemann and 
colleagues found obesity in offspring of mothers with both gesta- 
tional and TIDM at 1-4 and 5-9 years of age.” 


Abnormal Glucoregulation 
and Diabetes Mellitus 


Diabetes has been classically viewed as a genetic disorder, and 
“diabetic genes” have been invoked to explain the increased inci- 
dence of diabetes in the offspring of diabetic parents. Attempts to 
assess whether the “inheritance” may be influenced by congenital 
factors have been complicated by the failure of early reports to 
differentiate between parental type 1 and type 2 diabetes (which 
may differ in patterns of inheritance; see below), and the failure to 
distinguish between maternal diabetes occurring during the index 
pregnancy or thereafter (since such temporal factors may have 
different developmental implications for the conceptus; see above). 

Evidence from animal models and epidemiologic studies sug- 
gests that disturbance in islet function or development during 
intrauterine and early postnatal life, produced by a variety of mech- 
anisms, predisposes to metabolic disturbances and impaired glu- 
cose tolerance in later life. Thus offspring of rats with streptozocin- 
induced diabetes during pregnancy develop impaired glucose 
tolerance and gestational diabetes mellitus.” When pregnant rats 
are made mildly hyperglycemic by glucose infusion in late gesta- 
tion, the offspring develop impaired glucose tolerance.”* In crosses 
between rats with spontaneous T2DM and nondiabetic rats, a 
greater degree of glucose intolerance was observed in the offspring 
if the mother was diabetic, rather than the father.” Rhesus mon- 
keys made hyperinsulinemic, but euglycemic, in utero by infusion 
of insulin into the fetus develop abnormal glucose tolerance as 
pregnant adults.'” In studies of rats, adult offspring of diabetic 
mothers showed hyperphagia, basal hyperinsulinemia, and im- 
paired glucose tolerance, and were overweight. This was accompa- 
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nied by an elevated number of neuropeptide Y neurons and galanin 
neurons in the arcuate hypothalamic nucleus.'”’ Plagemann and 
colleagues also report disturbed differentiation and organization of 
distinct hypothalamic nuclei and subnuclei in hyperinsulinemic 
offspring of diabetic rats, possibly leading to dysfunctions of hypo- 
thalamic regulators of body weight and metabolism. ‘©? 

Inferential insights concerning intrauterine fuel exposures and 
later susceptibilities to diabetogenic challenges can be made by an- 
alyzing the family histories of gravida with GDM. T2DM should 
be present with equal frequency in the mothers and fathers of pa- 
tients with GDM if sensitivity to the diabetogenic stresses of preg- 
nancy were determined wholly by genetic factors (especially since 
meaningful sex differences in the incidence of T2DM have not 
been reported). On the other hand, if some limitations of functional 
reserve were “acquired” '™ in the course of prior intrauterine expe- 
riences,'™*-! a higher incidence of diabetes in the mothers than in 
the fathers of patients with GDM might be anticipated. A survey 
disclosed a history of maternal diabetes in 33% of gravidas with 
GDM, in contrast to a history of maternal diabetes in only 4.8% of 
normal gravidas.'°’ On the other hand, the history of T2DM in the 
fathers of the two groups of gravidas was not different—8.8% in 
the women with GDM and 6.0% in the women with normal carbo- 
hydrate metabolism.'*’ Hence, as first described in animal experi- 
ments by Bartelheimer and Kloos,” and supported by the pioneering 
clinical observations of Hoet! and Démer and colleagues,'©”' 
some transgenerational vulnerability to diabetogenic challenges 
may indeed occur as a consequence of prior intrauterine fuel 
exposures. 

Mutations in mitochondrial DNA occur in association with a 
maternally-inherited form of diabetes and nerve deafness.''°!"' In 
Japanese subjects with T2DM and a family history of diabetes, a 
mutation in mitochondrial DNA was found in 60% of those with 
deafness, but only 2% of individuals with unimpaired hearing.''? A 
mutation in mitochondrial DNA was found in only one of 218 
unrelated British subjects with T2DM.'"* Since mitochondria are 
maternally inherited, these mutations may contribute in a rather 
limited way to the observed excess of maternal diabetes in subjects 
with T2DM. 

Studies in Hattersley’s laboratory have determined that up to 
6% of gestational diabetes in the United Kingdom is the result of a 
mutation in the maternal glucokinase gene. In offspring of these 
mothers, the fetal genotype influences birthweight and glucose at 
birth. In the presence of a fetal glucokinase mutation, birthweight 
was reduced by a mean of 640 grams, and glucose was higher by a 
mean of 1.2 mmol/L.'"4 

The offspring of gravidas enrolled in the Northwestem Uni- 
versity Diabetes in Pregnancy Center long-term follow-up are 
demonstrating an increased frequency of impaired glucose toler- 
ance. Plasma glucose and insulin have been measured fasting and 
2 hours after oral glucose administration (1.75 g/kg) yearly begin- 
ning at 1.5 years of age. At 14-17 years of age, mean fasting glu- 
cose concentration in the ODM is no different than in 80 control 
subjects, and fasting insulin concentrations are identical. However, 
2-hour concentrations after a glucose load are 6.5 + 1.3 mmol/L 
and 5.7 + 0.9 mmol/L (p < 0.001) respectively, and 2-hour 
post-glucose load insulin concentrations are 449 (90% Cl: 177- 
1140) pmol/L in the ODM, compared to 331 (90% CI: 140-699) 
pmol/L in control subjects (p < 0.01). Two subjects have devel- 
oped T2DM that was first detected on yearly glucose tolerance test- 
ing. One subject developed TIDM with ketoacidosis. In addition, 
28 subjects have had impaired glucose tolerance (2-hour glucose 
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concentration greater than 7.8 mmol/L) on at least one occasi 
between 8 and 17 years of age. This is displayed as a cumulati 
probability (Kaplan-Meir estimator) in Fig. 39-4. On a single te 
2 of 80 control subjects had a 2-hour glucose concentration great 
than 7.8 mmol/L. The relative risk of impaired glucose toleran 
(2-hour post-glucose load glucose concentration >7.8 mmol/L) 
4.7 (95% CI: 1.7-12.9) for offspring who had an elevated me 
amniotic fluid insulin concentration.''* Plagemann and colleagu 
also report an increased incidence of impaired glucose tolerance 
offspring of mothers with both gestational diabetes and T1DI 
Furthermore, they found correlations between insulin:glucose 1 
tios in childhood, and those previously obtained at birth.''® 

In general, populations with a high prevalence of impaired gl 
cose tolerance later become populations with high prevalences 
T2DM.'"” 

The Pima Indian studies provide additional evidence. Pett 
and associates reported that T2DM is present by age 20-24 
45.5% of the offspring of “diabetic mothers,” but in only 8.6% a 
1.4% of the offspring of “prediabetic” or “nondiabetic mothers” 1 
spectively (see above for definition of these categories).''® Mor 
over, these differences persisted even after taking into account di 
betes in the father, age at onset of diabetes in either parent, 
obesity in the offspring. In a study of Pima siblings born before 
after the mother’s development of diabetes, those exposed to m 
ternal diabetes in utero had a 3.7-fold greater risk of developing « 
abetes.'!? Pettitt and coworkers conclude that “the intrauterine e 
vironment is an important determinant of the development 
diabetes and that its effect is in addition to effects of genetic fa 
tors.”''* In another study, Pettitt and colleagues found a lower rz 
of T2DM in Pima offspring who were exclusively breastfed for t 
first 2 months of life;'” however, this report was not specific f 
offspring of diabetic mothers. 

Some of the female offspring of the Pima women in the abo 
studies have been examined during their pregnancies. A significa 


FIGURE 39-4. Cumulative probability (Kaplan-Meir estimator) of impair 
glucose tolerance (IGT) or diabetes in offspring of diabetic mothers.!'* 
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correlation (partial correlation 0.304, p = 0.011) was found be- 
tween 2-hour post-glucose load plasma glucose in 15- to 24-year- 
old Pima women and their mothers’ 2-hour glucose value during 
pregnancy, after controlling for age.'?! Thus, subsequent genera- 
tions may be at even greater risk for the development of diabetes 
than would be predicted on a genetic basis alone. 

Converse congenital relationships may also pertain in T1DM. 
Retrospective studies by Warram and coworkers,'?” in their re- 
analysis of some of the published reports of others,'??!*4 have dis- 
closed a two- to fivefold greater risk for the development of Ti DM 
in the offspring of fathers than mothers with TIDM. These re- 
searchers have suggested that the seeming maternal protection 
against subsequent T1DM may be due to an induction of immuno- 
logic tolerance to the autoantigens of the B cells during intrauterine 
development.'?> Weiss and coworkers examined offspring of dia- 
betic mothers at 5-15 years of age. Upon oral glucose tolerance 
testing, they find higher glucose, insulin, and C peptide concentra- 
tions, especially in those offspring who had higher amniotic fluid 
insulin concentrations in utero at 31 + 2 weeks.” Thus although 
the directional impacts may be different, current data indicate that 
nature (as embodied by genetic propensities) may be modified by 
nurture (as determined by congenital contributions via the in- 
trauterine metabolic environment) in the pathogenesis of T1DM as 
well as T2DM. 


Other Cardiovascular Risk Factors 


In the Northwestern Diabetes in Pregnancy Center Study, body 
mass index, blood pressure, and lipid concentrations were exam- 
ined in ninety nine offspring of diabetic mothers and 80 controls. 
ODM were more obese (BMI 22.5 + 5.6 vs. 20.3 + 4.0 kg/m”), 
and had higher systolic (8 mm Hg) and mean arterial BP (4 mm 
Hg), but similar diastolic BP compared to controls. ODM had 
lower fasting concentrations of LDL (2.54 + 0.67 vs. 2.82 + 
0.70 mmol/L) and total cholesterol (4.01 + 0.80 vs. 4.40 + 
0.78 mmol/L). In both groups, BMI, triglycerides, and fasting and 
2-hour glucose concentrations showed correlations with BP mea- 
surements. Fasting insulin correlated with BP readings only in the 
ODM. Correlations were found between second- and third- 
trimester maternal free fatty acid concentrations and diastolic and 
mean arterial BP. Third trimester B-hydroxybutyrate was cor- 
related with mean arterial BP.'°° The increased prevalence of 
obesity, impaired glucose, and elevated blood pressure may predis- 
pose offspring of diabetic mothers to an increased risk of heart 
disease in adulthood. 

As noted above, obesity and impaired glucose tolerance, but 
not lipid metabolism, are associated with elevated amniotic fluid 
insulin measured in the third trimester. Thus the cause of physio- 
logic predisposition towards elevated blood pressure may differ 
from those factors which contribute to elevations in body weight 
and reduced glucose tolerance. 


General Relevance for Development 
in Later Life 


The proposition that maternal fuel metabolism may exert long-range 
effects on development (i.e., the hypothesis of “fuel-mediated 
teratogenesis,”*°”) is bein g corroborated by many retrospective and 
prospective experiences. As such, there are now more reasons 
than ever to normalize maternal metabolism in all pregnancies 


complicated by diabetes and for viewing the success of preg- 


nancy outcome in terms of the entire lifetime of the progeny as 
well as traditional perinatal criteria. Appropriate management of 
the pregnant diabetic may thereby constitute a meaningful strat- 
egy for modifying some of the self-perpetuating, and apparently 
congenitally-acquired contributions to such public health prob- 
lems as adult obesity and diabetes mellitus. 

Moreover, these fuel-related phenomena need not be limited to 
pregnancies complicated by diabetes. The same relationships be- 
tween ambient fuels, fetal insulin secretion, and gene expression 
in utero may well apply to all pregnancies, so the potential for fuel- 
mediated teratogenesis may be present whenever maternal metabo- 
lism is perturbed for any reason.*”'?’ Hales and colleagues have 
found that impaired growth in utero and in infancy is associated with 
impaired glucose tolerance and T2DM in adulthood.'"* McCance 
and associates, studying the Pima Indian population in Arizona, 
where most large babies are offspring of diabetic mothers, report a 
U-shaped relationship between birthweight and the later develop- 
ment of both obesity and diabetes in the offspring, with both ex- 
tremes of neonatal size inducing abnormalities to a greater degree 
than those of more normal (average) birthweight.” However, in 
the general population, large babies of normal mothers have a low 
risk of obesity and diabetes. Thus diabetes in pregnancy has merely 
served as a paradigm for a more general truism,'”’ and the broad 
ramifications for all of fetomaternal medicine extend far beyond 
the more parochial preoccupation with diabetes per se. To quote 
Freinkel and Metzger, “No single period in human development 
provides a greater potential (than pregnancy) for long-range ‘pay- 
off’ via a relatively short-range period of enlightened metabolic 
manipulation.”* 
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CHAPTER 40 


Basic Pathobiology of the Eye and Its Complications 


Elia J. Duh 
Lloyd P. Aiello 


INTRODUCTION 


Diabetic retinopathy, a common ocular complication of diabetes 
mellitus, is the leading cause of blindness in working-age Ameri- 
cans.'? In fact, diabetic retinopathy accounts for 12% of all new 
cases of blindness in the United States and there are an estimated 
148,000 individuals in whom sight-threatening stages of retinopa- 
thy occur each year. Indeed, the risk of ocular disease in patients 
with diabetes is 25 times that of the general population.* The preva- 
lence of diabetic eye disease has dramatically increased over the 
past 40 years, in part due to improvements in managing diabetes 
that have dramatically extended the life span of these patients.’ 

The mechanisms underlying diabetic retinopathy have been the 
subject of extensive research for over half a century. Particularly 
over the last decade, our understanding of the mechanisms of both 
nonproliferative and proliferative diabetic retinopathy has ad- 
vanced significantly. These achievements not only improve our 
knowledge of the basic pathobiology underlying diabetic retinopa- 
thy, but also set the stage for the development of novel therapeutic 
strategies promising significant improvements in clinical care for 
patients with diabetes. 


CLINICOPATHOLOGIC CHANGES IN DIABETIC 
RETINOPATHY 


Diabetic retinopathy is clinically divided into two stages, nonprolif- 
erative diabetic retinopathy (NPDR) and proliferative diabetic 
retinopathy (PDR). However, even before retinopathy becomes clin- 
ically apparent, histopathologic changes occur. The earliest known 
changes are capillary basement membrane thickening (associated 
with a change in its chemical composition),° the loss of the retinal 
endothelium-supporting pericytes,” and alterations in retinal blood 
flow.” Pericyte loss potentially contributes to the subsequent forma- 
tion of microaneurysms (Fig. 40-1) due to weakening of the vessel 
wall'° and may also contribute to neovascularization due to the loss 
of the pericyte’s inhibitory effect on endothelial cell growth.'' Sev- 
eral studies have demonstrated a decrease in retinal blood flow even 
before retinopathy is clinically apparent”!?'° and retinal blood flow 
increases as diabetic retinopathy progresses.'*'®!” Autoregulation 
of retinal blood flow is also significantly impaired before retinopa- 
thy becomes clinically apparent.'*?° 

With disease progression, the clinical signs of nonproliferative 
diabetic retinopathy appear.” The classic signs of NPDR include 


retinal microaneurysms, dot and blot retinal hemorrhages, cotton- 
wool spots representing infarctions of the nerve fiber layer (Fig. 
40-2), venous loops, venous beading, retinal capillary dropout, and 
intraretinal microvascular abnormalities (IRMAs). Essentially all 
patients with diabetes will eventually develop NDPR as the inci- 
dence approaches 100% after 15 years of disease.”'?* With the de- 
velopment of NPDR, retinal blood flow begins to increase. '*!°'” 

As NPDR advances, retinal capillary dropout arises, resulting 
in progressive retinal ischemia. The ischemic retina produces vaso- 
proliferative factors that induce formation of new blood vessels in 
the retina or iris. This stage of the disease is called proliferative di- 
abetic retinopathy (PDR). The proliferative retinal response is 
thought to be initiated by decreased oxygen levels as a result of 
retinal capillary nonperfusion.”*™ Retinal neovascularization oc- 
curs commonly at the borders of perfused and nonperfused retina 
and is more common and severe in eyes with extensive nonperfu- 
sion. Retinal neovascularization also occurs commonly at the optic 
nerve head (Fig. 40-3) and along the temporal vascular arcades. 
The new vessels grow along the surface of the retina and along the 
vitreous scaffold of the posterior vitreous hyaloid. The new vessels 
are fragile and commonly bleed, resulting in preretinal and vitreous 
hemorrhage (Fig. 40-4). In addition, glial tissue associated with 
these new vessels can contract and result in traction on the retina, 
eventually leading to retinal detachment (Figs. 40-5 and 40-6). Vit- 
reous hemorrhage and traction retinal detachment are responsible 
for most cases of severe visual loss from diabetic retinopathy.” 

Macular edema is another important component of diabetic 
retinopathy. Diabetes causes an increase in retinal vascular perme- 
ability. Vessel leakage can occur at any stage of diabetic retinopa- 
thy, resulting in edema and thickening of the retina. When present 
in the macular area of the retina, this thickening is called macular 
edema. Macular edema is a common cause of moderate visual loss 
in patients with diabetes? and accounts for the majority of all visual 
loss in patients with DM. 


BIOCHEMICAL MECHANISMS UNDERLYING 
NONPROLIFERATIVE DIABETIC RETINOPATHY 


Several biochemical mechanisms have been proposed to explain 
the adverse systemic effects of hyperglycemia.” Extracellular 
glucose has been shown to react nonenzymatically with primary 
amines of proteins to form intermediate glycation products.?””* 
These intermediate products can further react to form advanced 
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FIGURE 40-1. Trypsin digest preparation of retina from a patient with non- 
proliferative diabetic retinopathy showing scarcity of pericytes, with small, 
dark nuclei (arrow), relative to endothelial cells; a capillary micro- 
aneurysm (center); and acellular capillaries (arrowheads) (original magni- 
fication X160). 
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FIGURE 40-2. Retinal nerve fiber layer infarction (cotton-wool spot), 
showing distended nerve axons (cytoid bodies) (arrows). GCL. ganglion 
cell layer: INL, inner nuclear layer: ONL, outer nuclear layer (hematoxylin 
& eosin, original magnification X40). 


FIGURE 40-3. Neovascularization near the optic disc. Neovascularization 
(arrows) arising from the peripapillary retina (asterisk) (hematoxylin & 
eosin, original magnification X160). 


i 


Nun 


i 


4 a - S 


FIGURE 40-4. Preretinal hemorrhage (asterisk) located between the vitre- 
ous (arrowhead) and the internal limiting lamina of the retina (arrow) 
(hematoxylin & eosin. original magnification X100). 


FIGURE 40-5. Proliferative diabetic retinopathy with traction retinal de- 
tachment with tangential (arrows) and anterior-posterior (arrowhead) 
traction bands (hematoxylin & eosin. original magnification X1.2). 


FIGURE 40-6. Retinal detachment. Area where vitreous band (arrow) is at- 
tached to tented-up retina in eye with proliferative diabetic retinopathy with 
traction retinal detachment (hematoxylin & eosin. original magnification 
X100). 
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glycation end-products (AGEs). Infusion of AGEs in animals can 
mimic some of the vascular abnormalities observed in diabetes, 
particularly basement membrane thickening and changes in vascu- 
lar contractility.” Studies investigating inhibitors of AGE forma- 
tion, such as aminoguanidine, have demonstrated a reduction in 
basement membrane thickening and early changes in the retinal 
vasculature in diabetic rats.7”7°?” 

Excessive extracellular glucose may be transported inside the 
cell by glucose transporters, where it is metabolized, resulting in a 
change of redox potential. The resulting increase in oxidative stress 
has been postulated to be a fundamental factor underlying the bio- 
chemical changes associated with complications of diabetes, in- 
cluding diabetic retinopathy. Studies involving antioxidants have 
demonstrated ameliorative effects on various functions, including 
normalization of retinal blood flow in human patients with dia- 
betes.” Whether antioxidants can be utilized as a therapy to pre- 
vent subsequent complications of diabetic retinopathy remains to 
be determined by prospective clinical tnals. Influx of glucose also 
leads to the production of sorbitol by means of the aldose reductase 
pathway. Excessive sorbitol production has been postulated to be 
involved in cataract formation in diabetes.” However, a major role 
for sorbitol in diabetic retinopathy is less likely, since studies to 
date of aldose reductase inhibitors indicate that they have not pre- 
vented retinopathy in diabetic and galactosemic dogs; in addition, 
such inhibitors have not prevented or delayed the progression of 
diabetic retinopathy in human clinical trials.”’ 


PROTEIN KINASE C AND ITS ROLE 
IN DIABETIC RETINOPATHY 


Hyperglycemia-Induced PKC Activation 


The activation of PKC by hyperglycemia and diabetes is related to 
increases in intracellular diacylglycerol (DAG) levels, the physio- 
logic activator of PKC. In diabetic animal models, DAG levels 
have been found to be elevated in various tissues, including 
retina,’ aorta, heart,” renal glomeruli, “> and liver.” This eleva- 
tion in DAG levels appears to be chronic. In diabetic dogs, for in- 
stance, DAG levels remain increased even after 5 years of dis- 
ease.” The effect of elevated glucose levels in increasing DAG 
levels has been confirmed using cultured vascular cells, including 
retinal endothelial cells.” 

Although cellular DAG can be increased through several 
mechanisms, most studies indicate that hyperglycemia-induced 
DAG results from de novo synthesis.2° In this pathway, glucose- 
6-phosphate is metabolized through glycolysis to generate glycer- 
aldehyde-3-phosphate, which in turn is further metabolized to gen- 
erate phosphatidic acid and DAG. This de novo synthesis of DAG 
production generates DAG containing both saturated and unsatu- 
rated fatty acids, which is capable of activating PKC. 

Accordingly, the increase in DAG levels is accompanied by 
PKC activation in diabetes mellitus as demonstrated in retina,“ 
aorta, heart," and renal glomeruli.*” Increased PKC activity has 
also been observed in cultured cells, including retinal endothelial 
cells.“ Diabetes and high glucose levels activate specific PKC iso- 
forms. PKC-B, is activated predominantly in the aorta and heart of 
diabetic rats.’ PKC-a, -B;, -B>, and -e are activated in the retina of 
diabetic rats,” although PKC-B isoforms show a greater increase 
than do the others. 

Multiple vascular alterations in the retina have been attributed 
to the activation of DAG and PKC. These include changes in vas- 
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cular blood flow, capillary basement membrane thickening, vascu- 
lar permeability, and neovascularization. Retinal blood flow is de- 
creased in animals and patients with short-duration diabetes. Sev- 
eral observations support the role of PKC activation in decreasing 
retinal blood flow. Intravitreal injection of a PKC agonist, such as 
phorbol ester, decreases retinal blood flow.’ Conversely, decreases 
in retinal blood Aow observed in diabetic animals and patients are 
normalized by PKC inhibitors,**"° 

Capillary basement membrane thickening is 4 classical struc- 
tural change in diabetes, and is present in many tissues including 
retina, renal glomeruli, heart, and muscle.° Aside from providing 
Structural support, the capillary basement membrane is involved in 
regulating vascular permeability, cell adhesion, proliferation, dil- 
ferentiation, and gene expression. Alterations in basement mem- 
brane composition could therefore result in vascular dysfunction. 

Most studies of capillary basement membrane changes in dia- 
betes have focused on the renal glomeruli. Histologic studies have 
demonstrated increases in type IV and VI collagen, fibronectin, and 
laminin, and decreases in proteoglycans in the mesangium of pa- 
tients with diabetic nephropathy. +! These changes are also found 
in cultured mesangial cells incubated in high glucose and were pre- 
vented by general PKC inhibitors.“ 

Increased vascular permeability is a classic characteristic of 
diabetic retinopathy. In the retina, vascular leakage can be detected 
at sites of microaneurysms and retinal exudates (Fig. 40-7). In- 
creased retinal vascular permeability presumably leads to the de- 
velopment of macular edema, which is the leading cause of moder- 
ate visual loss from diabetes. In diabetic animals, increased retinal 
vascular permeability to albumin can occur after only 4-6 weeks 
of chemically induced diabetes. PKC activation increases the 
permeability of cultured endothelial cells to albumin and other 
macromolecules.*”*" 

PKC activation could also increase vascular permeability by 
its action on growth factors such as vascular endothelial growth 
factor (VEGF) (see below), VEGF increases in the diabetic retina 
before extensive retinal ischemia or neovascularization occurs. *? 
Thus it could play a role in increasing retinal vascular permeability 
in nonproliferative diabetic retinopathy. In aortic smooth muscle, 
elevated glucose concentrations increase PKC activation and 
VEGF expression. This effect is inhibited by PKC inhibitors.“ 
Furthermore, intravitreal injection of VEGF activates protein 
kinase C and increases retinal vascular permeability in rats, Of 


FIGURE 40-7. Hard exudates (asterisks) in the outer plexiform layer of the 
macula in a patient with nonproliferative diabetic retinopathy, GCL, gan- 
glion cell layer: INL, inner nuclear layer: ONL, outer nuclear layer (hema- 
toxylin & eosin, original magnification X100). 
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potential therapeutic importance, VEGF-induced permeability is 
almost completely inhibited by oral administration of a PKC-B 
selective inhibitor.” 


Therapeutic Potential for PKC-B Inhibition 


From the preceding discussion it is evident that PKC inhibitors 
may prove therapeutically useful in preventing or delaying ocular 
complications of DM. Indeed, in diabetic rats, abnormal retinal and 
renal hemodynamics and increases in albuminuria were normal- 
ized by oral administration of a PKC-B isoform selective inhibitor, 
LY333531. LY333531 inhibited diabetes-induced PKC activation 
in the retina and renal glomeruli.” In addition, LY333531 pre- 
vented the overexpression of TGF-B, type IV collagen, and fi- 
bronectin in the renal glomeruli of diabetic rats.°° These studies 
strongly suggest a role for the PKC-B isoform in mediating dia- 
betic vascular complications in the retina and kidney. As discussed 
below, inhibition of PKC-B has been shown to prevent growth 
factor-induced retinal vascular permeability and to normalize 
diabetes-induced changes in retinal blood flow, further suggesting 
its potential therapeutic usefulness. 


THE ROLE OF GROWTH FACTORS 
IN PROLIFERATIVE DIABETIC 
RETINOPATHY 


Retinal neovascularization is the principal cause of severe visual 
loss in patients with diabetes (Fig. 40-8). Neovascularization asso- 
ciated with ischemic retinopathies (such as diabetic retinopathy) is 
commonly preceded by retinal capillary nonperfusion***” and fre- 
quently arises at the border of perfused and nonperfused areas of 
the retina. Neovascularization is more common and severe in eyes 
with more extensive retinal capillary nonperfusion.*® These obser- 
vations suggest that an angiogenic factor, released by ischemic/ 
hypoxic retina may be responsible for stimulating new blood vessel 
growth in diabetic retinopathy. This theory was first proposed by 
Michaelson in 1948”? and later refined by Ashton and others. 
Several growth factors have been evaluated for their potential 
involvement in stimulating retinal neovascularization.”° Most no- 
tably, these include fibroblast growth factor-2 (FGF-2), growth hor- 


FIGURE 40-8. Early retinal neovascularization, with a new vessel (arrow) 
extending into the vitreous from the retina (hematoxylin & eosin. original 
magnification X160). 


mone, and the insulin-like growth factors. More recently, vascular 
endothelial growth factor (VEGF) has emerged as a principal me- 
diator of neovascularization in diabetic retinopathy. 


VASCULAR ENDOTHELIAL GROWTH FACTOR 


Vascular endothelial growth factor (VEGF), also known as vaso- 
permeability factor (VPF), is a glycoprotein with both vasoperme- 
ability™*! and angiogenic activity.°°° VEGF is primarily mito- 
genic for endothelial cells.“ * Its expression has been found to be 
significantly increased in rapidly growing, highly vascularized tu- 
mors. Furthermore, hypoxia induces VEGF expression in tumors 
and glial myogenic tumor cell lines.°’ VEGF binds several high- 
affinity cell surface tyrosine kinase receptors, the best character- 
ized being fms-like tyrosine kinase (Flt) and fetal liver kinase 1 
(Flk-1). VEGF and its receptors are critical for normal embryologic 
development, since even heterozygous knockout of these genes re- 
sults in lethal disruption of the macro- and microvasculature.°*? 
These characteristics suggested that VEGF may play a major role 
in mediating the microvascular complications observed in diabetic 
retinopathy, which are characterized by tissue ischemia, angiogen- 
esis, and vascular permeability. Indeed, numerous investigations of 
VEGF in ocular cells, animal models, and patients have implicated 
VEGF in the etiology of diabetic retinopathy. 

Many cell types within the eye produce VEGF, including reti- 
nal pigment epithelial cells, pericytes, endothelial cells, glial cells, 
Müller cells, and ganglion cells.’””! Furthermore, hypoxia induces 
VEGF mRNA expression in various ocular cell cultures.” This 
mRNA induction is reversible following return of the cells to a nor- 
moxic environment. Retinal microvascular endothelial cells ex- 
press high-affinity VEGF receptors on their cell surface at a higher 
density than many other endothelial cell types.’? VEGF is capable 
of stimulating retinal endothelial cell growth in culture. 

Investigations of animal models of ischemic retinopathy lend 
further support to VEGF’s underlying role in ocular neovascular- 
ization. When neonatal mice,” rats,“ or cats” are exposed to ele- 
vated concentrations of oxygen at specific times after birth, incom- 
plete vascularization of the retina results. When the animals are 
returned to room air, the retinas become relatively hypoxic because 
of the experimentally induced retinal] capillary nonperfusion. Neo- 
vascularization of the retina and the optic disc subsequently occurs. 
This neovascularization is clinically and histologically similar to 
that observed in humans with ischemic retinopathies such as dia- 
betic retinopathy. In the mouse model, VEGF mRNA levels in- 
crease over threefold within 12 hours of relative retinal hypoxia 
and are maintained for many days thereafter, slowly declining as 
clinically apparent neovascularization regresses.’° VEGF expres- 
sion in this model is particularly prominent just anterior to regions 
of retinal neovascularization. Similar findings have been observed 
in the rat™* and cat”? models as well. VEGF mRNA and protein 
levels also correlate with the development of iris neovasculariza- 
tion in a monkey model of experimentally induced retinal vein oc- 
clusion.’* These models all demonstrate a temporal relationship of 
increased VEGF expression observed after the onset of retinal hy- 
poxia, but before the development of new vessels. 


Clinical Studies 


Support for the role of VEGF as a mediator of diabetic retinal neo- 
vascularization has been found in clinical studies evaluating the 
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correlation between proliferative retinopathies (including diabetic 
retinopathy) and intraocular VEGF concentrations. In one study,” 
ocular fluid specimens were obtained from 164 patients undergo- 
ing intraocular surgery, including 31 patients without neovascular 
disorders and 143 patients with diabetes. Patients in the latter 
group had different stages of retinopathy, including no retinopathy, 
nonproliferative retinopathy, quiescent proliferative retinopathy, 
and active proliferative retinopathy. VEGF concentrations were 
found to be markedly elevated in both the vitreous and aqueous of 
patients with active proliferative retinopathy. In contrast, VEGF 
levels were low in control patients as well as in diabetic patients 
with no retinopathy, nonproliferative retinopathy, or quiescent pro- 
liferative retinopathy. In six patients who underwent successful 
laser photocoagulation treatment of active proliferative retinopa- 
thy, intraocular VEGF levels after treatment were reduced by an 
average of 75% compared to before treatment. Similar findings 
were observed in another study™’ measuring vitreous VEGF con- 
centrations in 8 patients with proliferative diabetic retinopathy as 
compared to 12 patients who underwent vitrectomy for disorders 
without associated neovascularization. These findings have now 
been confirmed by numerous studies.*'-** 


Inhibition of VEGF- and Retinopathy-Associated 
Complications 


The establishment of a causal relationship for VEGF in ocular neo- 
vascularization has been provided by VEGF inhibition studies in 
animal models. VEGF inhibitory molecules evaluated in animals 
include VEGF receptor chimeric proteins, neutralizing antibodies, 
and antisense phosphorothioate oligodeoxynucleotides. 

VEGF receptor chimeric proteins were constructed by joining 
the extracellular domain of the Fit receptor or the Flk-1 receptor 
with the heavy chain of IgG." These molecules bind VEGF with 
the same affinity as native receptors and can therefore act as com- 
petitors for VEGF binding. Injection of these chimeric proteins into 
the mouse model of retinal neovasculanization discussed above was 
performed just when the retinas became hypoxic. Single or dual in- 
Jections of either chimeric protein significantly reduced retinal neo- 
vascularization, with a mean suppression of approximately 50%.** 

Antisense phosphorothioate oligodeoxynucleotides have been 
studied in the same model. Two different VEGF antisense mole- 
cules were found to reduce VEGF protein levels by 40-66%, while 
decreasing new blood vessel growth by 25% and 31% as compared 
to sense or noncomplementary mRNA conwols.*” VEGF neutraliz- 
ing antibodies have been studied in the primate model of iris neo- 
vascularization. Intravitreal injections administered every other 
day for 2 weeks resulted in inhibition of iris neovascularization as 
assessed by fluorescein iris angiograms.” 

These studies suggest that VEGF mediates ocular neovascular- 
ization in general and proliferative diabetic retinopathy in particu- 
lar. For advanced diabetic eye disease, the potential therapeutic im- 
plications of modulating these pathways is obvious and the focus 
of substantial current research efforts. 


VEGF and Nonproliferative Diabetic 
Retinopathy and Macular Edema 


Interestingly, recent findings suggest a potential role for VEGF in 
nonproliferative diabetic reunopathy as well. Increased levels of 
VEGF were found in a study of postmortem eyes of patients with 
nonproliferative diabetic retinopathy as compared with nondiabetic 
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controls.*' In addition, repeated injections of VEGF at high co 
centrations into primate eyes produced retinal changes resemblit 
nonproliferative diabetic retinopathy, including blood vessel tort 
osity, venous beading, capillary abnormalities resembling micr 
aneurysms, intraretinal hemorrhages, capillary closure, and ii 
creases in vascular permeability.°' 

VEGF may also play an important role in the pathogenesis of d 
abetic macular edema, a condition resulting from excessive perm 
ability of retinal vessels in patients with diabetes (Fig. 40-9). In tt 
dermal microvasculature, VEGF is 50,000 times more potent tha 
histamine in producing vasopermeability.°' VEGF efficiently ir 
creases retinal vascular permeability as well.°*? The mechanist 
underlying this response may be related to VEGF downregulation c 
the interendothelial tight junction protein occludin, and/or to VEGF 
induced phosphorylation of the tight junction proteins occludin an 
zonula occludin 1. Both of these responses have been demonstrate: 
to occur in cultured retinal endothelial cells.?*** Since VEGF is in 
creased in the diabetic retina before extensive retinal ischemia o 
neovascularization occurs,*'* it could account for diabetic macula 
edema that may occur at any stage of diabetic retinopathy. 

As discussed above, VEGF-induced increases in vascular per 
meability in rats can be inhibited by oral administration of a PKC 
B selective inhibitor. The mitogenic effects of VEGF on culturec 
vascular endothelial cells can also be significantly reduced by 
PKC-B inhibition.” Protein kinase C activation therefore appear: 
to also play an important role in diabetic retina! vascular complica- 
tions through mediating the effect of VEGF. 


GROWTH HORMONE AND INSULIN-LIKE 
GROWTH FACTORS 


The role for growth hormone (GH) and its downstream mediators 
such as insulin-like growth factor-1 (IGF-1) in the pathogenesis of 
diabetic retinal neovascularization has been extensively evaluated. 
Based on the observation of regressing proliferative diabetic 
retinopathy (PDR) after infarction of the pituitary following preg- 
nancy (Sheehans syndrome) and partial responses of PDR follow- 
ing pituitary ablation, the role of GH/IGF-1 has been sought.°°-** 
However, conditions in which GH is elevated (e.g., acromegaly) 
are not necessarily associated with retinal neovascularization,””'™ 


FIGURE 40-9. Diabetic macular edema, with the accumulation of a light- 
staining proteinaceous material in the outer plexiform (asterisks) and inner 
nuclear (arrows) layers of the retina. GCL, ganglion cell layer; INL, inner 
nuclear layer; ONL, outer nuclear layer (hematoxylin & eosin, original 
magnification X100). 
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In addition, studies of vitreous and serum levels of IGF-! have not 
consistently demonstrated a correlation with retinal neovascular- 
ization, in contrast to VEGF." 

Although the involvement of GH and IGF-1 in initiating dia- 
betic retinal neovascularization may be limited, evidence suggests 
that they may play a key permissive role in the neovascular 
process. Studies using the mouse model of retinopathy described 
above demonstrate this point. Retinal neovascularization was 
found to be reduced by up to 44% in these mice after systemic 
administration of an inhibitor of GH secretion, as compared to con- 
trol animals; similar results were found in transgenic mice express- 
ing a GH antagonist gene. The inhibition was reversed by exoge- 
nous IGF-I administration. Interestingly, a transgenic mouse 
expressing a GH agonist that results in a giant phenotype did not 
exhibit an increase in neovascularization.'™ 

Another study demonstrated that administration of an [GF-1 
receptor antagonist suppressed retinal neovascularization in the 
mouse model by up to 53%. In addition, this IGF-1 receptor antag- 
onist reduced VEGF activation of the mitogen-activated protein ki- 
nase (MAPK) signaling cascade.” Taken together, these studies 
suggest that IGF-] plays a role in creating a permissive environ- 
ment for the stimulation of retinal neovascularization by VEGF. 


INHIBITORS OF NEOVASCULARIZATION 


Recently, attention has been focused on the possible role of 
endogenous angiogenic inhibitors such as pigment epithelium- 
derived factor (PEDF) in the eye. PEDF was first isolated from reti- 
nal pigment epithelial cells and has been actively studied as a neu- 
rotrophic factor. Jt was recently found to potently inhibit 
comeal neovascularization in a mouse model." PEDF blocks 
VEGF action in vitro in cultured endothelial cell migration assays. 
Temporal expression of PEDF in the mouse retina was found to be 
closely correlated with blood vessel maturation. 

PEDF has been found to be present in the cornea and vitreous, 
two avascular areas of the eye. The ability of corneal extracts and 
vitreous specimens to inhibit neovascularization was neutralized 
by antibodies to PEDF. Finally, PEDF was found to be down- 
regulated by hypoxia in a retinoblastoma cell line.’ This last ob- 
servation has particularly interesting implications for proliferative 
diabetic retinopathy. It is possible that ischemia/hypoxia resulting 
from diabetic microvascular disease may downregulate PEDF, 
thereby allowing growth factors such as VEGF to stimulate neovas- 
cularization.'” 

Transforming growth factor-beta (TGF-B) is another soluble 
factor that may inhibit blood vessel growth in the eye. The pericyte 
loss that characterizes early diabetic retinopathy has led to specula- 
tion that pericytes may play an inhibitory role in retinal capillary 
egrowth.''® Coculturing capillary endothelial cells and pericytes re- 
sults in inhibition of endothelial cell proliferation; this inhibition 
is mediated by TGF-B, which is activated on contact between 
the cells."! 

It is probable that other inhibitory factors are also involved in 
retinal blood vessel regulation. Current views on the pathobiology 
underlying diabetic retinopathy is that the proliferative complica- 
tions arise after the relative angiogenic and antiangiogenic balance 
is tipped in favor of angiogenesis, either by enhancing growth stim- 
uli or reducing antigrowth stimuli. The therapeutic implications of 
antagonizing angiogenic activity and/or augmenting antiangio- 
genic activity are currently under investigation. 


NEOVASCULAR GLAUCOMA 


A particularly destructive complication of proliferative diabetic 
retinopathy is neovascular glaucoma. In addition to retinal neovas- 
cularization, angiogenesis can involve the anterior portion of the 
eye, including the iris (rubeosis iridis) and the anterior chamber 
angle (Fig. 40-10). Neovascularization of the angle can obstruct 
aqueous fluid outflow, resulting in neovascular glaucoma, a severe 
sight-threatening disorder. As with retinal neovascularization, 
VEGF is thought to be a major stimulus for neovascularization of 
the iris and angle. VEGF levels correlate with the development of 
iris neovascularization in a monkey model of laser-induced retinal 
vein occlusion.”* Intravitreal injections of VEGF in primates were 
sufficient to induce iris neovascularization,''! while intravitreal in- 
jections of antibody against VEGF resulted in inhibition of iris 
neovascularization. Finally, intraocular concentrations of VEGF 
are elevated in the eyes of patients with rubeosis iridis.”” 


DIABETIC CATARACT FORMATION 


Cataracts are a common cause of visual impairment in patients 
with diabetes. Two types of cataract are observed in diabetes.''*'"" 
The true diabetic cataract, or snowflake cataract, occurs in young 
adults, children, and even infants with severe hyperglycemia. This 
type of cataract is rarely encountered in the United States today. 
The senescent cataract is clinically similar to that seen in the nor- 
mal population, although evidence suggests that patients with dia- 
betes are at increased risk and often develop this type of cataract at 
a younger age. 

The sorbitol-polyol pathway has classically been implicated in 
cataract formation in diabetes. It has been demonstrated in most 
cells exposed to high glucose concentrations that glucose can be 
converted to sorbitol by the enzyme aldose reductase.''* Although 
sorbitol can be metabolized into fructose by sorbitol dehydroge- 
nase, this reaction occurs slowly, resulting in cellular accumulation 
of sorbitol, since sorbitol does not diffuse across cell mem- 
branes.''* Cellular damage could occur as a result of osmotic 
stress, with influx of water leading to swelling of lens fiber cells. In 
support of this hypothesis, polyols have been observed to accumu- 


FIGURE 40-10. Eye with proliferative diabetic retinopathy. iris neovascu- 
larization (arrow), and closure of the anterior chamber angle by peripheral 
anterior synechiae (asterisk) (hematoxylin & eosin, original magnification 
x40). 
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late in the lenses of diabetic animals.°*™''® However, the role of 
polyols in diabetic cataract formation in humans is less clear. Al- 
though sorbito] levels are increased in proportion to the level of 
hyperglycemia in the lenses of adults with diabetes, these levels 
may not be high enough to result in significant osmotic effects.''® 

A second mechanism for cataract formation in diabetes is 
nonenzymatic glycation of lens proteins such as the crystallins. 
The crystallins represent about 86% of the total lens proteins. Ag- 
gregation of these proteins occurs gradually as a normal conse- 
quence of aging; the aggregates thus formed lose their ability to 
transmit light. Diabetes is thought to accelerate nonenzymatic gly- 
cation of crystallins, increasing their susceptibility to oxidative 
damage, which leads to covalent cross-linking of the crystallins via 
disulfide bonds.''’ An increase in the glycation rate has been ob- 
served, particularly in alpha-crystallins.''* In diabetic rats, glyca- 
tion of lens proteins increased with time after induction of diabetes 
and was accompanied by an increase in high-molecular-weight ag- 
gregates.''? Increased glycation of crystallins has also been ob- 
served in human diabetic cataracts,'”"'?’ suggesting that this 
mechanism may play a role in the pathogenesis of diabetic cataract 
formation in humans. 


CONCLUSIONS 


Diabetic retinopathy is a significant cause of morbidity throughout 
the world, accounting for the majority of severe visual loss among 
working-age adults in developed countries. Recent discoveries 
have provided significant insight into the growth factors and signal 
transduction mechanisms underlying this disease. As a result, we 
now have a more detailed understanding of the pathobiology of di- 
abetic retinopathy. This knowledge has provided new therapeutic 
targets currently under investigation. Such studies hold the promise 
for a possible new age of pharmacologic therapies for the compli- 
cations of diabetes in the eye. 
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Disclosure 


The epidemiology, natural history, and clinical findings of diabetic 
retinopathy have frequently been presented. In addition, the poten- 
tial roles of growth factors and underlying mechanisms of diabetic 
retinopathy have been reviewed extensively in recent years. The re- 
ports of fundamental studies and comprehensive reviews of their 
results are widely quoted and paraphrased. In order to maintain 
consistent descriptive accuracy of many of these fundamentals, 
portions of this chapter have been derived from prior publications, 
including Aiello and colleagues” and Aiello.” 
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Retinopathy and Other Ocular Complications in Diabetes 


Ronald Klein 


Diabetic retinopathy is an important cause of visual impairment in 
the United States.! While its natural history has been described, its 
pathogenesis is not known.” Available data suggest that good 
glycemic and blood pressure control reduces the risk of the devel- 
opment and progression of retinopathy.** Early identification and 
treatment of proliferative retinopathy or macular edema with pho- 
tocoagulation may prevent or delay the development of visual 
loss.” This chapter describes current concepts about the natural 
history, pathogenesis, diagnosis, and management of retinopathy as 
well as other ocular complications of diabetes that may result in 
visual loss. 


DIABETIC RETINOPATHY 


Retinal Anatomy 


The retina is a thin, transparent neural tissue lining the inner part of 
the eye.” It is in contact with the clear vitreous gel internally and 
the choroid externally. The retina varies in thickness from 0.1 mm 
at the fovea and far periphery to 0.55 mm at the macula. There are 
ten well-defined retinal layers consisting of the nuclei of three se- 
quential neurons, their axons and synaptic connections, and glial 
supporting cells with little extracellular space. A central retinal ar- 
tery derived from the ophthalmic artery branches into arterioles 
at the optic nerve head and supplies blood to the internal two 
thirds of the retina; the choriocapillaris of the choroid supplies nu- 
trition to the external one third. A blood-retinal barrier comprised 
of tight junctions of the endothelial cells of the retinal blood ves- 
sels and the retinal pigment epithelial cells prevents penetration of 
all but a few important metabolic products into the retina. 

The macular area measures approximately 4 mm in diameter 
and is centered 4 mm temporal to the optic disk. The fovea, a de- 
pression in the inner retinal surface of the macula, is 1.5 mm in di- 
ameter (Fig. 41-1). A retinal capillary-free zone of 450-600 um 
exists in its center, where the retinal tissue is fed by the choriocap- 
illaris of the choroidal circulation. The central portion of the fovea 
(or foveola) contains only cone photoreceptors, which are impor- 
tant for the best visual acuity (finest spatial resolution) and highest 
quality trichromatic color vision. 


Natural History 


The earliest clinically apparent manifestations of diabetic retinopa- 
thy are classified as nonproliferative. During this phase a number 
of pathophysiologic changes associated with diabetes occur in the 


microvasculature; these include occlusion, dilation, and increase 
permeability of the small retinal blood vessels.'°'' Histolog’ 
changes that occur prior to the appearance of retinopathy, earl 
in the course of the disease, are degeneration of retinal capillar 
pericytes (mural cells) and thickening of the capillary basemei 
membrane. '°""! 

Usually the first changes seen with the ophthalmoscope ai 
retinal microaneurysms, small outpouchings of the retinal capilla 
ies (Fig. 41-1). They appear as small circular red dots, varying i 
size from about 20-200 pum. Retinal microaneurysms typicall 
arise in areas of capillary closure. These lesions demonstrate at 
normal permeability of the endothelial cell wall to fluorescein an 
possibly to lipoproteins. With time, the walls may thicken with dep 
osition of periodic acid-Schiff (PAS)-positive and lipid materia 
and stagnant blood may be trapped in the lumen. If there is furthe 
thickening of the wall and obliteration of the lumen, the micrc 
aneurysm may then appear yellow or white on clinical examinatior 
Occlusion of the feeding capillary or complete hyalinization of th 
lumen may be responsible for the microaneurysm’s ultimate disap 
pearance.'' Microaneurysms have been reported to have variab] 
survival rates, and their average disappearance rate has been esti 
mated at 3.3%/month.'* 

The number of retinal microaneurysms in an eye is an importar 
predictor of progression of diabetic retinopathy.'* In the Wisconsii 
Epidemiologic Study of Diabetic Retinopathy (WESDR), there wa 
an increased risk of progression of diabetic retinopathy over 
4-year period when four or more retinal microaneurysms were pres 
ent at baseline. Furthermore, the increase in the number of retina 
microaneurysms and the ratio of the number of retinal micro 
aneurysms at the 4-year follow-up to the number at baseline wer 
positively associated with the incidence of proliferative retinopath: 
or clinically significant macular edema at the 10-year WESDI 
follow-up. '* Baudoin and coworkers’? developed a standardized re 
producible method for quantitating the number of retinal micro 
aneurysms using fluorescein angiograms. Microaneurysm count 
are useful for study of the early natural history of diabetic retinopa 
thy and as an end point in clinical trials to evaluate the effects o 
treatment or intervention. Retinal microaneurysms generally do no 
make their appearance until at least 3 years after diagnosis of dia 
betes.'*'’ They are found in about 69% of people with a history o 
10 years of type 1 diabetes mellitus (T1DM).'° In adults with typ: 
2 diabetes mellitus (T2DM), retinal microaneurysms are presen 
in 55% of the population who have had diabetes for 10 years.'’ Reti 
nal microaneurysms can occur in nondiabetic patients with othe 
conditions associated with retinal ischemia, for example, brancl 
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FIGURE 41-1. Fundus photograph of right eye. The foveal area (F) corre- 
sponds approximately to the dark central portion of the photograph. A reti- 
nal microaneurysm (black arrow) appears as a small dark spot with sharp 
margins and retinal hard exudates appear as white deposits with sharp mar- 
gins just nasal to the foveal arca (white arrowhead). The visual acuity in 
this eye is 20/15. 


retinal vein occlusion, carotid artery disease, AIDS, and hyperten- 
sive retinopathy. Single retinal microaneurysms were found in 3.7% 
and multiple microaneurysms in 1.2% of eyes in a nondiabetic pop- 
ulation. Because hypertension and carotid artery disease are not 
uncommon in older-onset diabetic people. it may be difficult to de- 
termine whether diabetes or the presence of other systemic diseases 
is the cause of the microaneurysms when they are the only sign of 
retinopathy in the eyes of older-onset diabetic people. 

Retinal microaneurysms by themselves are usually not a threat 
to vision. However, as the disease progresses, retinal blot hemor- 
thages and hard exudates appear. Retinal blot hemorrhages are 
round with blurred edges and result from an extravasation of blood 


from retinal capillaries or microaneurysms into the inner nuclear 
layer of the retina (Fig. 41-2), They are not fluorescent on angiog- 
raphy and usually disappear within 3-4 months. 

Retinal hard exudates are variable in size, sharply defined, and 
yellow; they may be scattered, aggregated, or ring-like in their dis- 
tributions (Figs. 41-1 and 41-2). Hard exudates result from leakage 
of lipoprotein material from retinal capillaries or microaneurysms 
into the outer retinal layer; and they may last from months to 
years.'? The exudate forms preferentially in the posterior retina, es- 
pecially temporal to the macula, and may extend into the macula, 
reducing visual acuity, On ophthalmoscopy, retinal hard exudates 
are sometimes confused with drusen, which are deposits of PAS- 
positive material located between the retinal pigment epithelium 
and Bruch’s membrane. Drusen are not characteristic of diabetes, 
but occur frequently in older individuals. Differentiation between 
hard exudates and drusen may be difficult in some cases if the ex- 
amination is done using the direct ophthalmoscope, without stere- 
opsis: drusen are usually rounder, more regular. and less yellow 
than hard exudates. 

In the more advanced stages of nonproliferative retinopathy, 
closure of the retinal capillaries and arterioles occurs, causing de- 
creased nutrition to the inner layers of the retina. These changes 
cause whitish or grayish swellings in the nerve fiber layer of the 
retina, termed “cotton-wool spots” or “soft exudates,” which are in- 
farcts of the nerve fiber layer (Figs. 41-2 to 41-4). They remain only 
a few weeks to months. After their disappearance, the retina may 
appear normal on ophthalmoscopy, but nonperfusion of retinal arte- 
rioles may be seen in fluorescein angiography. In some patients with 
severe ischemia, occlusion of larger arterioles results in larger areas 
of irreversible retinal nonperfusion, especially in the retinal midpe- 
riphery. Late in the course of the disease, severe ischemia with thin- 
sheathed sclerotic (white “thread-like”) arterioles may appear. 

Another manifestation of focal retinal ischemia is the presence 
of dilated capillaries (intraretinal microvascular abnormalities 
[IRMAs]) (Fig. 41-3). IRMAs are found in areas of capillary non- 
perfusion and may be abnormally permeable to plasma proteins; 


FIGURE 41-2. Fundus photograph of the left eye 
showing various lesions associated with nonprolifera- 
tive and proliferative diabetic retinopathy in an area 
superior and temporal to the macula. Retinal hard exu- 
dates (hex) appear as white deposits with sharp mar- 
gins. Soft exudates (se) or cotton-wool spots appear as 
grayish white areas with ill-defined edges. Retinal blot 
hemorrhages appear as spots of varying size with ir- 
regular margins and uneven densities. Retinal new ves- 
sels (long black arrows) are present. 
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FIGURE 41-3. Fundus photograph of the left eye with preproliferative 
retinopathy. Soft exudates or cotton-wool spots appear as grayish white areas 
with ill-defined edges (small thick white arrows); intraretinal microvascu- 
lar abnormalities (thin white arrow), venous dilation, and retinal hemor- 
rhages are present. (Reprinted with permission from Klein R: Retinopathy 
and other ocular complications in diabetes. In: Olefsky JM, Sherwin R, eds. 
Diabetes Mellitus: Management and Complications. Churchill Livingstone; 
1985;101.) 


they are considered by some to be a compensatory response to hy- 
poxia.'' Venous beading, duplication, and kinks also occur in re- 
sponse to hypoxia in areas of focal ischemia (Fig. 41-4). These 
kinks or loops in eyes with diabetic retinopathy are thought to be 
shunt vessels developed to bypass a nonthrombotic occlusion of 
larger retinal veins.” Many large, dark intraretinal hemorrhages 
may also appear secondary to retinal ischemia and are thought to 
represent hemorrhagic infarcts (Fig. 41-4).'° 


FIGURE 41-4. Fundus photograph of the left eye. Retinal venous dilation 
and beading (black arrows) and an area of reduplication are present (large 
white arrow). Slow flow is manifested by “boxcaring” in the small retinal 
branch vein (small white arrow). [ntraretinal microvascular abnormalities 
and a cotton-wool spot (cw) are present in this very ischemic retina. 
(Reprinted with permission from Klein R: Retinopathy and other ocular 
complications in diabetes. In: Olefsky JM, Sherwin R, eds. Diabetes Melli- 
tus: Management and Complications. Churchill Livingstone: 1985;101.) 
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The presence of cotton-wool spots, venous irregularities, 
IRMAs, and dark intraretinal hemorrhages constitutes what has been 
called the “preproliferative phase”; eyes with these changes have a 
significantly increased risk of developing proliferative retinopathy. '° 
In the Early Treatment Diabetic Retinopathy Study (ETDRS), eyes 
with multiple areas of venous beading, severe IRMAs, and large 
areas of intraretinal hemorrhages (ETDRS Level 55) had a 55% rate 
of progression to proliferative retinopathy over a 1-year interval.”! 
Therefore the appearance of these lesions is considered a warning 
sign of impending growth of new retinal vessels. 

Proliferative diabetic retinopathy is characterized by growth of 
abnormal blood vessels and fibrous tissue from the optic nerve 
head (Fig. 41-5) or from the inner retinal surface (usually near or 
from retinal veins) (Fig. 41-6). The vessels, which appear initially 
as fine tufts on the surface of the retina, subsequently grow into the 
outermost layer of the vitreous. Initially they consist of fine “naked” 


FIGURE 41-5. Fundus photograph of the right eye. This sequence of pho- 
tographs demonstrated progression from early proliferative retinopathy 
manifested initially as fine tufts of retinal new vessels on the optic disk (A, 
dated 2/75) (black arrows). There was further growth of retinal new ves- 
sels (B, dated 4/76) (black arrows). (Reprinted with permission from Klein 
R: Retinopathy and other ocular complications in diabetes. In: Olefsky JM, 
Sherwin R, eds, Diabetes Mellitus: Management and Complications. 
Churchill Livingstone: 1985; 101.) 
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FIGURE 41-6. Fundus photograph of the left eye showing progression from nonproliferative to proliferative dia- 
betic retinopathy in an area superior and temporal to the macula. A. When the patient was seen in 11/72 she was 
25 years old and had a 14-year history of type 1 diabetic retinopathy. A few dilated capillaries and retinal microa- 
neurysms are present here, and cotton-wool spots and blot hemorrhages were present in the macular area (not in 
photograph). The visual acuity was 20/15. B. In 3/76, flat retinal new vessels (small black arrows) are present. 
An abrupt termination of a branch arteriole (black arrowhead). intraretinal microvascular abnormalities (white 
arrow), and venous beading are present. C. By 10/76, there is an increase in the size of the retinal new vessels 
(black arrows) and the “feeder” vessel from the vein. The small arterioles above the vein are sheathed and appear 
white (small black arrowheads). D. This picture was taken in 2/77. 2 hours after laser treatment: the photocoag- 
ulation burns appear white (b). A small preretinal hemorrhage, appearing black, is present (white arrowhead). 
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FIGURE 41-6 (continued) E, F. In 6/77 the visual acuity was 20/30. An area of fibrovascular proliferation with 
traction on the retina superior and temporal to the macula was present (white arrows). G, H. On 7/15/77 further 
elevation of fibroproliferative tissue (white arrows) led to increased traction with detachment (det) of the area 
above the macula. The visual acuity had dropped to 20/70. I. The macular area became detached, and she under- 
went a vitrectomy and scleral buckle on 7/28/77. Corneal edema and blood in the anterior chamber developed 
after surgery. Later the eye became phthisical, and she had no light perception when this photograph was taken in 
10/78. Her other eye had been enucleated in 4/77 as a result of pain from rubeotic glaucoma, secondary to trac- 
tion retinal detachment and vitreous hemorrhage. (Courtesy of Dr. G. Bresnick, University of Wisconsin. 
Reprinted with permission from Klein R: Retinopathy and other ocular complications in diabetes. In: Olefsky JM, 
Sherwin R, eds. Diabetes Mellitus: Management and Complications, Churchill Livingstone: 1985;101.) 


vessels, which are permeable to fluorescein. These vessels may 
hemorrhage into the vitreous. 

The mesenchymal cells responsible for the development of 
new blood vessels may also form fibrous tissue. Contraction of fi- 
brovascular tissue may result in traction detachment of the retina. 
Fibrous tissue predominates and may remain as the only evidence 
of proliferative retinopathy if regression of new vessels occurs later 
in the course of the disease. 


Diabetic Macular Disease 


Occlusion or increased permeability of the retinal microvasculature 
that results in abnormal structure or function of the macular area 
has been called a primary or intraretinal maculopathy. Traction or 
dragging of the sensory retina due to shrinkage of fibrovascular vit- 


reoretinal membranes causing altered macular function has been 
called secondary or vitreoretinal maculopathy.'° 

Increased permeability of retinal capillaries and retinal micro- 
aneurysms may result in accumulation of extracellular fluid and 
thickening of the normally compact retinal tissue. Initially, there 
may be a slight loss of the normal transparency of the retina and the 
edema may be easily missed by direct ophthalmoscopy. The leak- 
age and resulting edema may be distributed around retinal micro- 
aneurysms or be diffuse and in some cases lead to the appearance 
of cystoid spaces in the outer retina. Focal leakage from retinal 
microaneurysms or capillaries is usually associated with the depo- 
sition of hard exudative material, in either small clumps, rings. or 
large deposits (Fig. 41-7). The rings of hard exudate usually sur- 
round edematous centers of leaking retinal vessels and micro- 
aneurysms, and they demarcate the border of nonedematous and 
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edematous retina. The accumulation of hard exudate in the macular 
area is usually gradual and may wax and wane, and spontaneous 
resolution of the exudate may occur in time. 

Macular edema appearing as diffuse thickening of the posterior 
retina is associated with retinal ischemia, and hard exudate is seldom 
present. The diffuse leakage of retinal blood vessels is a result of an 
extensive breakdown of the normally impermeable blood-retinal 
barrier of the capillary endothelial cells. Patients with diffuse edema 
have widespread extravasation of fluorescein dye from the capillar- 
ies to the retinal tissue during angiography. Based on the results of 


FIGURE 41-7. Fundus photographs of the 
macular area of the right eye demonstrating 
retinal hard exudates that appear as white 
deposits with sharp margins either scattered 
(short thin black arrows), ring-like (short 
thick black arrows), or aggregated in their 
distributions (large black arrowheads). 
Retinal blot hemorrhages (white arrows) 
and dark intraretinal hemorrhages (large 
open black arrows) are present. At the time 
photograph A was taken, the visual acuity 
was 20/15; 1 year later, when photograph B 
was taken, the visual acuity had dropped to 
20/50. (Reprinted with permission from 
Klein R: Retinopathy and other ocular com- 
plications in diabetes. In: Olefsky JM, Sher- 
win R, eds. Diabetes Mellitus: Management 
and Complications. Churchill Livingstone: 
1985;101.) 


the ETDRS,* macular edema was defined as either being “clinically 
or not clinically significant.” In that study, clinically significant mac- 
ular edema was associated with increased risk of loss of vision if left 
untreated with focal photocoagulation. Clinically significant macu- 
lar edema was defined as the presence of either of the following: 
thickening of the retina located 500 um or less from the center of the 
macula; or a zone of retinal thickening | disk area or larger in size, 
located within | disk diameter of the center of the macula. 

Reduced oncotic pressure due to decreased serum albumin lev- 
els, increased intravascular fluid load, increased arteriolar perfu- 


Chapter 41 


sion pressure, and tissue hypoxia has been postulated to cause mac- 
ular edema by exacerbating breakdown of the blood-retinal bar- 
rier.” Data from some studies suggest that high blood pressure, the 
presence of cardiovascular disease, and hyperlipidemia contribute 
to vascular occlusive disease in the retina with retinal ischemia and 
edema.” The presence of untreated diabetic renal failure has been 
thought to exacerbate the macular edema.”* However, studies in pa- 
tients with macular edema often fail to reveal a specific medical 
abnormality systematically associated with such edema. 

Occlusion of small retinal vessels may result in enlargement of 
the normal 450- to 600-um diameter foveal avascular zone. This 
may result in decreased visual acuity in the absence of macular 
edema.'° 

The vitreoretinal maculopathies all involve traction on the mac- 
ular area, vary in severity, and result from a number of processes. A 
grayish or translucent glistening epiretinal glial membrane may be 
seen on the inner retinal surface, and contraction of this membrane 
may lead to a wrinkling effect. These membranes are also found in 
older nondiabetic patients, in diabetic patients with nonprolifera- 
tive disease, and after panretinal photocoagulation, but they are 
more common in patients with proliferative retinopathy. 

In patients with proliferative retinopathy, shrinkage of fibro- 
vascular tissue and detachment of the posterior vitreous surface 
may lead to an elevation or displacement of the sensory retina at the 
macula. A macular detachment may result from traction, leading to 
a retinal tear with fluid accumulation beneath the retina including 
the macular area, and a significant decrease in visual acuity. 


Classification 


Most clinicians, using direct ophthalmoscopy, will classify 
retinopathy as either absent or present, or as absent, nonprolifera- 
tive retinopathy present, or proliferative stage present. However, 
for natural history, epidemiologic studies, and clinical trials, more 
sensitive and reproducible systems are necessary. 
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The modified Airlie House classification of diabetic retino 
thy” and the ETDRS classification for severity of retinopath: 
based on the natural history of the disease, have been developed 
and used in a number of clinical and epidemiologic studies.*”*! 
These systems allow specification of the presence or absence < 
the severity of major lesions characteristic of diabetic retinopat 
as well as the overall severity. One such severity scale is presen 
in Table 41-1. Data from the ETDRS demonstrated the validity 
the scale. In that study, each stepwise increase in the sever 
level of retinopathy was associated with an increased risk of p 
gression to proliferative retinopathy 4 years later.?' In addition, 
the WESDR, increasing severity of retinopathy as measured by ' 
ETDRS severity scale at baseline was associated with increas 
risk of loss of vision over a 10-year follow-up.”” 

The ETDRS severity scale places greater emphasis on 
moderate and more severe levels of diabetic retinopathy. Data fri 
the WESDR suggest that microaneurysm counts from gradings 
fundus photographs may provide a more sensitive measure 
retinopathy severity in the earlier stages of disease.'? Photograp. 
documentation of retinopathy and use of photographic standa: 
for grading severity of retinal lesions allows detection of ea 
changes, minimizes observer bias by masking the graders with 
spect to patient characteristics and treatments, provides monitori 
of quality control of the documentation, and permits comparisc 
over time. A number of studies have demonstrated that grading 
stereoscopic fundus photographs is more sensitive than ophth 
moscopy in detecting retinopathy.” Computer-assisted grading 
digitized images has also been used to determine the presence a 
severity of diabetic retinopathy.” =” 


Pathogenesis 


The exact pathogenesis of diabetic retinopathy is unknown (: 
Chap. 40). It is assumed that retinopathy is a consequence 
hyperglycemia. This is supported by (1) the strong association 


TABLE 41-1. Modified Early Treatment Diabetic Retinopathy Severity Scale 


Microaneurysms (Ma) only or retinal hemorrhages (H) or soft exudates (Se) in the absence of microaneurysm 
Microaneurysms plus one or more of the following: Venous loops =31 um; questionable Se, intraretinal 


microvascular abnormalities (IRMA), or venous beading; and retina! hemorrhage 


Microaneurysms plus one or more of the following: hard exudate (hex) and Se 
Microaneurysms plus one or more of the following: H/Ma = standard photo (SP) #1 in 4-5 fields; 


Microaneurysms plus one or more of the following: Both IRMA and H/Ma characteristics from level 43; 


IRMA in 4-5 fields; H/Ma = SP #2A in 2-3 fields: and venous beading in 1 field 


Microaneurysms plus one or more of the following: Any 2-3 of level 47 characteristics; H/Ma = SP #2A in 


No evidence of levels 60 or 65 but scars of photocoagulation either in “scatter” or confluent patches, 


Proliferative diabetic retinopathy less than Diabetic Retinopathy Study high-risk characteristics (DRS-HRC). 


Lesions as follows: New vessels elsewhere (NVE); new vessels on or within | disk diameter (NVD) of 
the disk graded less than SP #10A; and preretinal (PRH) or vitreous hemorrhage (VH) < | disk area (DA) 


DRS-HRC, lesions as follows: Vh and/or PRH =1 DA; NVE 2 one-half DA with VH and/or PRH; 


Advanced PDR, lesions as follows: NVD = SP #10A with VH and/or PRH 


Retinopathy Level Detailed Descriptor 
None Level 10 No retinopathy 
Nonproliferative Level 21 
Level 31 
Level 37 
Level 43 
H/Ma = SP #2A in 1 field; and IRMA in 1-3 fields 
Level 47 
Preproliferative Level 53 
4-5 fields; IRMA = SP #8A; venous beading in 2 or more fields 
Proliferative without DRS Level 60 Fibrous proliferations only 
high-risk characteristics Level 61 
for severe visual loss presumably directed at new vessels 
(DRS-HRC) Level 65 
Proliferative with DRS-HRC Level 71 
NYD < SP #10A with VH and/or PRH; and NVD = SP #10A 
Level 75 
Proliferative with DRS-HRC Level 85 


and loss of vision 


Source: Klein et al." 


End stage PDR, lesions as follows: Macula obscured by VH and/or PRH; retinal detachment at center of 
macula; phthisis bulbi; and enucleation secondary to complications of diabetic retinopathy 
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retinopathy with increasing duration of disease; (2) the finding 
of retinopathy in secondary diabetes;™ (3) the production of 
retinopathy in experimental diabetes in animal models;** and (4) 
the results of the epidemiologic studies and clinical trials that show 
a strong relationship of glycemia to the incidence and progression 
of retinopathy.**?**!' However, the actual mechanism by which 
high blood glucose levels lead to retinopathy is not known. 

There are several hypothesized but unproven pathogenetic ex- 
planations. '*!'“? One explanation is that hyperglycemia is an 
initiator of a number of biochemical changes, including an increase 
in aldose reductase activity, changes in myoinositol phosphatidyli- 
nositol metabolism, increases in 1,2-diacyl-sn-glycerol, nonenzy- 
matic glycosylation, increased protein kinase C activity, decreased 
heparin sulfate proteoglycan, increased autooxidation, and changes 
in vasoactive substances such as endothelin, prostanoids, nitrous 
oxide, and histamine (see Chap. 13).*? 

Aldose reductase-initiated accumulation of sorbitol has been 
hypothesized to lead to selective degeneration of mural cells in the 
retinal capillaries.“ A second role of the polyol pathway in diabetic 
retinopathy may be its relationship to the development of abnormal 
basement membrane thickening,” which has been hypothesized to 
cause closure of retinal capillary vessels. This thickening can be 
prevented by aldose reductase inhibitors in galactosemic rats.“ Re- 
sults from clinical trials of aldose reductase inhibitors in galac- 
tosemic animals have not been consistent.“ In a randomized con- 
trolled clinical trial in people with TIDM, an aldose reductase 
inhibitor, sorbinil, was not found to prevent the incidence or pro- 
gression of early diabetic retinopathy.“ 

The relationship of nonenzymatic or enzymatic glycosylation 
of proteins to the pathogenesis of retinopathy remains obscure. 
Clinical trials using aminoguanidine, which blocks glycosylation, 
have not shown the efficacy of this drug in preventing the progres- 
sion of moderate to severe nonproliferative retinopathy. 

Another proposed mechanism is abnormal release of growth 
hormone and growth factor changes (increased vascular endothe- 
lial and insulin-like growth factors) associated with impaired glu- 
cose metabolism.” Increased growth hormone has been hypothe- 
sized to result in plasma protein abnormalities (increases in 
alpha-2-globulins, fibrinogen, haptoglobins, and C-reactive pro- 
teins), which may be associated with increased plasma viscosity 
and decreased retinal blood flow. Using cell cultures, D’ Amore and 
associates“? have demonstrated that growth factors may be impor- 
tant in maintaining the integrity of retinal capillary endothelial and 
pericyte cells. Randomized controlled clinical trials using in- 
hibitors of growth factors are now underway to determine their ef- 
fect on the progression to proliferative retinopathy. 

Whatever the cause, most proposed pathogenetic mechanisms 
are based on the assumption that retinal hypoxia is present early in 
the development of retinopathy.” Retinal hypoxia has been hypo- 
thesized to result from decreased oxygen release from hemoglobin, 
as has been reported by Ditzel and Standl in diabetic patients.” 
This has been attributed to decreased red blood cell 2,3-diphos- 
phoglycerate, increased hemoglobin A,, and increased blood 
lipids.“°* Another explanation for the development of hypoxia is 
that abnormalities in oxygen delivery result from altered retinal 
blood flow.!! Abnormalities in retinal blood flow have been 
found even before the development of ophthalmoscopically-visible 
diabetic retinopathy.*° Kohner’! measured retinal blood flow based 
on an indicator dilution technique adapted to retinal blood vessels. 
She reported a decreased transit time of fluorescein dye and an in- 
creased volume flow in diabetic patients with no or early retinopa- 


thy compared to normal controls. Increased blood flow has also 
been found in the renal, cerebral, and peripheral circulations in per- 
sons with diabetes.” Kohner and colleagues have hypothesized 
that increased retinal blood flow may lead to damage of the retinal 
capillary pericytes and endothelial cells.” 

With the appearance of nonproliferative retinopathy, retinal 
blood flow has been reported to be decreased.™ Reduction in reti- 
nal blood flow in diabetes has been hypothesized to result from 
abnormalities in plasma viscosity, platelet and red blood cell func- 
tion, blood vessel wall structure and permeability, and autoregula- 
tory mechanisms. "4*3? 

The initiation and progression of retinopathy is probably due 
to a complex relationship among a number of these factors, which 
vary at different stages in the natural history of retinopathy and 
from individual to individual. The pathophysiologic findings de- 
scribed above suggest that abnormalities in the diabetic microvas- 
culature may play a primary role in diabetic retinopathy. Metabolic 
and physiologic alterations in the neuronal retina may also precede 
or accompany the circulatory changes. This is suggested by retinal 
functional abnormalities (e.g., color vision defects, electroretino- 
gram changes, and delays in the visually evoked response) in dia- 
betic patients without ophthalmoscopically detectable vascular 
retinopathy.” 5 

Why the microvasculature is differentially affected in different 
organs is still an unanswered question. Although the brain and 
retina are both neural tissue, it is rare to find microvascular abnor- 
malities in the brains of diabetic patients. 

Little is known about the processes responsible for the forma- 
tion of new retinal blood vessels. Retinal ischemia and resultant 
hypoxia are hypothesized to liberate retinal angiogenic substances. 
A number of angiogenic substances have been identified as being 
present in retinal tissue, but their role in the development of retinal 
new vessels remains unclear.” "® Also unclear is the role of the vit- 
reous gel in inhibiting angiogenesis. 


Epidemiology 


Knowledge of the prevalence and incidence of diabetic retinopathy 
and various demographic, genetic, systemic, and ocular factors as- 
sociated with retinopathy is of great importance in (1) efforts to 
prevent or modify the course of retinopathy; (2) characterization of 
the high-risk patient; and (3) estimation of health service needs. A 
number of epidemiologic studies have provided data about the nat- 
ural history of diabetic retinopathy and its risk factors.'°'74> 
34.40.41-59-89 Data from one such study, the WESDR, a large geo- 
graphically defined population of both type 1 and type 2 diabetic 
persons examined in 1980-1982, in 1984-1986, and again in 
1990-1992, and type 1 diabetic persons in 1995-1996 are pre- 
sented to provide information on the incidence and prevalence of 
retinopathy.'*'”76-79 In addition, data from other epidemiologic 
studies are presented in Table 41-2. 


Prevalence of Retinopathy 


The prevalence and severity of diabetic retinopathy and macular 
edema in the baseline WESDR examination in 1980-1982 are 
presented in Table 41-3.'*'"° The highest frequencies of any 
retinopathy (71%) and of proliferative retinopathy (23%) were 
found in the younger-onset group, diagnosed prior to age 30 years 
and taking insulin (n = 996), whereas the lowest frequencies of 
any retinopathy (39%) and proliferative retinopathy (3%) were 
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TABLE 41-2. Selected List of Population-Based Studies Describing the Prevalence and/or incidence of Diabetic Retinopathy 


Anthor/Reference 


Site 


Type of 


Number 


Diabetes Studied Diabetes (y) 


Bennett er al, Pima Indians, AZ Il 399 
Nelson et al” 
279 
Kahn et alf? Framingham, MA II 229 
West et al,°! Oklahoma Indians I 973 
Lee et al” 
Houston™ Poole. England I 714 
II 
King et al® Nauru, Central Pacific I] 343 
Dwyer et al™ Rochester, MN I 75 
Ballard et al” Rochester, MN Il 1060 
Dyck et al’ Rochester, MN I 102 
II 278 
Danielsen er alf’ Iceland I 212 
Constable er af Perth, Australia I 179 
Knuiman et af” Il 904 
Sjolie® Country of Fynn, Denmark I 718 
Nielsen®””° Falster, Denmark I 215 
II 333 
Teuscher et al” Switzerland I 105 
{TI 94 
Haffner et al”' San Antonio, TX Tl 257 
Jerneld” Gotland, Sweden I 160 
Il 140 
Hamman er al? San Luis Valley, CO Ul 166 
(Hispanics) 
McLeod et al” Leicester, England I 350 
Klein et al'®'7?"-8 = South Central, WI I 996 
Il 1370 
Kostraba et al,®? Allegheny County, PA I 657 
Lloyd et al"! 
Fujimoto and Seattle, WA I 78 
Fukuda"! (2nd generation II 
Japanese-American men) 
Cohen et al? Oxford, England Il 294 
Eriksson er al” Narpes, West Finland I 52 
II 268 
Schachat er al™ Barbados, West Indies I 266 
Sparrow et al® Melton Mowbray ll 145 
Wirta et al®® Tampere, SW Finland II 133 
125 
Falkenberg et al"? Kisa, Sweden II 120 
Hapnes et al®® Eigersund, Norway I 32 
Il 178 
Jones et al®? Norway I 371 
Harris et al?” United States II White 345 
Black 261 
Hispanic 308 


* O = ophthalmoscopy; P = photography 


Duration of Retinopathy Crude Crude 
Detection* Prevalence (%) Incidence 
0-10+ (0) 18 — 
(0) 4y = 2.5% 

— O 18 — 
0-20+ O.P 24 10 — 16 = 72.3% (any) 
0-30+ O,P Not reported — 

Severe Ret. 8.3 
0-10+ (0) 24 — 

— — — 45.8/1000 person y 

— (0) — 15.6/1000 person y 
2-64 P 79 — 
0-62 P 55 — 
0-20+ P 34 — 
0-20+ O,P 33 — 
0-20+ O.P 27 — 
0-30 + (6) 48 ? 
0-58 P 66 ly = 3.7% 
0-42 P 41 ly = 3.7% 
0-30+ (0) 51 8 y = 39% 

9 8y = 15% 
0-10+ O,P 45 — 
0-20+ P 56-65 — 
0-20+ 17 — 
0-5+ P 19 — 

15+ 88 — 
0-30+ O,P 4] — 
0-30+ O,P 71 4y = 59% 
0-30+ O,P 39 4y = 34% 
6-38 O,P 86 2y = 33% 
0-10+ O.P 11.5 

— (0) — 60/1000 person y 
0-10+ (0) 54 — 
0-10+ (0) 12 — 

= O,P = = 
1-35 O.P 52 — 
<l O.P 6 — 
1-25 O,P 40 — 
0-20+ (0) 27 — 

— P 33 — 

— P 10 — 
6-17 P 33 — 
0-15+ P 18 — 
0-15+ P 27 — 
0-15+ P 33 — 


Source: Reprinted with permission from Klcin R, Klein BEK, Moss S. The Wisconsin Epidemiologic Study of Diabetic Retinopathy: A review. Diabetes Metab Rev 1989;5:559. 


present in the older-onset group not taking insulin who were di- 
agnosed with diabetes at or after 30 years of age (n 


692). 


the younger-onset group). Similar differences in the prevalence of 
retinopathy in younger- and older-onset diabetes have been re- 


While the proportions of proliferative retinopathy and macular 
edema were highest in the WESDR younger-onset group, the 
largest number of people with proliferative retinopathy or macular 
edema had older-onset diabetes (for proliferative retinopathy, 326 
people in the older-onset groups compared with 240 people in the 
younger-onset group; for clinically significant macular edema, 
272 people in the older-onset group compared with 56 people in 


ported in other epidemiologic studies (Table 41-2). Based on the 
WESDR data, it is estimated that in 1980-1982, approximately 
700,000 people in the United States with diabetes had prolifera- 
tive retinopathy, 130,000 of whom had Diabetic Retinopathy 
Study (DRS) high-risk characteristics for severe visual loss of 
5/200 or worse and 325,000 had clinically significant macular 
edema. 
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TABLE 41-3. Prevalence and Severity of Retinopathy by Sex at the Baseline Examination in the Wisconsin Epidemiologic Study 


of Diabetic Retinopathy (1980-1982) 


Younger-Onset Taking Insulin 


Male (%)  Female(%) Total(%) Male(%) 

Retinopathy Status (n = 512) (n = 484) (n = 996) (n = 321) 
None 31.1 27.5 29.3 26.8 
Early nonproliferative 26.4 34.7 30.4 34.0 
Moderate to severe 

nonproliferative 18.2 16.9 17.6 27.7 
Proliferative without 

DRS* high-risk 

characteristics 12.3 14.0 13.2 8.1 
Proliferative with 

DRS high-risk 

characteristics 

or worse 12.1 6.8 9.5 3.4 
Clinically significant (n = 489) (n = 464) (n = 953) (n = 306) 

macular edema 6.3 5.4 5.9 10.5 


*DRS = Diabetic Retinopathy Study 


Source: Klein et al.'® 


Incidence and Progression 


Older-Onset Taking Insulin 


Female (%) Total (%) 
(n = 352) (n = 673) 
32.7 29.9 
27.6 30.6 
23.9 25.7 
99 9.1 
6.0 4.8 
(n = 325) (n = 631) 
12.6 11.6 


Older-Onset Not Taking Insulin 


Male (%) Female (%) Total (%) 
(n = 313) (n = 379) (n = 692) 
64.5 58.6 61.3 
25.9 28.5 27.3 
6.4 10.3 8.5 
1.9 1.1 1.4 
1.3 1.6 1.4 
(n = 304) (n = 368) (n = 672) 
2.6 4.6 3.7 


Despite marked changes in the management of insulin- 


of Diabetic Retinopathy 


The highest incidence and progression of retinopathy over the 
10 years of the study were found in the younger-onset group, 
whereas the lowest incidence and progression were found in the 
older-onset group not taking insulin (Tables 41-4 and 41-5). In 
the younger-onset group, 89.3% without retinopathy and 29.8% 
without proliferative retinopathy at baseline developed retinopathy 
and proliferative retinopathy, respectively, by the time of the 10-year 
follow-up. The 10-year incidence of proliferative retinopathy was 
10% in the older-onset group not taking insulin at baseline. The es- 
timates of incident cases of proliferative retinopathy in the 10-year 
period are higher in the group with older-onset than in the group 
with younger-onset (387 versus 226). These data emphasize the 
need for timely referral and appropriate ophthalmologic care for 
people with older-onset diabetes. 


dependent diabetes over the 10-year follow-up period of the 
WESDR, there were few significant differences in the estimated 
annual incidence of proliferative diabetic retinopathy over the first 
4 years of the study compared to the last 6 years of the study (Fig. 
41-8). Based on the WESDR data, it is estimated that over the 
10-year period, of the 5,800,000 Americans with known diabetes in 
1980, 915,000 will have developed proliferative retinopathy, and 
320,000 will have developed proliferative retinopathy with DRS 
high-risk characteristics. 


Risk Factors for Diabetic Retinopathy 


Race and Ethnicity 

Recent data suggest differences in the prevalence and incidence 
of diabetic retinopathy among different racial and ethnic groups.” 
37-77 Data from studies in Pima Indians and Oklahoma Indians with 


TABLE 41-4. Ten-Year Incidence of any Retinopathy, Improvement or Progression of Retinopathy, 
or Progression to PDR* by Sex in People with Younger-Onset Diabetes (Type 1). Wisconsin 


Epidemiologic Study of Diabetic Retinopathy 


Ten-Year Male 
No. at risk 142 
Incidence of any retinopathy. % 93.0 

95% Cl 88.6, 97.4 
No. at risk 184 
Improvement. % 6.9 

95% CI 3.1, 10.6 
No. at risk 354 
Progression, % 80.2 

95% Cl 75.8, 84.5 
Progression to PDR, % 29.0 

95% CI 24.1, 33.9 


Female Total 
119 261 
84.9 89.3 
78.2. 91.6 85.4. 93.2 
200 384 

12.4 9.8 
7.8, 17.1 6.7, 12.9 
358 712 
71.6 75.8 
66.7, 76.4 72.5, 79.1 
30.5 29.8 
25.6. 35.4 26.3, 33.3 


* PDR indicates proliferative diabetic retinopathy: CI. confidence interval. Number at risk for incidence of any retinopathy 
refers to the group that had no retinopathy (level 10/10) at the baseline examination and were at risk of developing retinopathy 
at the follow-up examination. Number at risk for improvement in retinopathy refers to those with retinopathy levels of 21/21 to 
53/53 at the bascline examination who could have a decrease in their retinopathy severity by at least two steps or more at fol- 
low-up. Number at risk for no change. progression. or progression to PDR refers to those with retinopathy levels 10/10 to 53/53 
who cither did not change by two or more steps or progressed by two or more steps. 


: 7 
Source: Klein er al. ° 
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TABLE 41-5. Ten-Year Incidence of Any Retinopathy, Improvement or Progression of Retinopathy or Progression to PDR* by Sex 
in People with Older-Onset Diabetes. Wisconsin Epidemiologic Study of Diabetic Retinopathy 


Using Insulin 


Ten-Year Male Female 
No. at risk 58 88 
Incidence of any retinopathy, % 76.9 80.4 

95% CI 62.1, 91.7 69.4, 91.3 
Improvement, % 18.6 23.7 

95% CI 10.6, 26.6 15.1, 32.4 
No. at risk 194 223 
Progression, % 66.2 70.8 

95% CI 57.6, 74.9 63.2, 78.4 
Progression to PDR, % 24.8 22.6 

95% CI 16.8, 32.7 15.8, 29.4 


Not Using Insulin 


Total Male Female Total 
146 144 157 301 
79.2 69.1 65.3 66.9 
70.4, 88.0 59.6, 78.5 56.6, 73.9 60.5, 73.. 
21.1 17.5 30.0 26.0 
15.2, 27.0 5.7, 29.3 18.9, 41.0 17,3, 34. 
417 217 270 487 
68.7 54.8 51.5 52.9 
63.0, 74.5 46.3, 63.2 44.1. 58.8 47.4. 58.: 
23.6 6.7 11.8 9.7 
18.4, 28.8 2.5, 10.9 7.0, 16.7 6.4, 13.1 


* PDR indicates proliferative diabetic retinopathy; CI, confidence interval. Number at risk for incidence of any retinopathy refers to the group that had no retinopathy (level 10/10) 
at the bascline examination and were at risk of developing retinopathy at the follow-up examination. Number at risk for improvement in retinopathy refers to those with retinopathy 
levels of 21/21 to 51/51 at the baseline examination who could have a decrease in their retinopathy severity by at lcast two steps or more at follow-up. Number at risk for no 
change, progression, or progression to PDR refers to those with retinopathy levels 10/10 to 51/51 who cither did not change by two or more steps or progressed by two or more 


steps. 


T2DM showed a higher risk of developing proliferative retinopathy 
than found in the non-Hispanic whites with T2DM in the WESDR. 
In addition, Pima Indians with T2DM are more likely to develop di- 
abetic nephropathy than whites with this disease.”' The explanation 
for these differences is not clear. It is possible that Pima and Okla- 
homa Indians may have been exposed to longer periods of more 
severe hyperglycemia at a younger age than whites with T2DM. 
Few studies have examined racial differences using similar pro- 
tocols to measure risk factors and to detect diabetic retinopathy. One 
such study was the Third National Health and Nutrition Examina- 
tion Survey (NHANES IID), in which a representative population- 
based sample of people age =40 years in each of three racial/ethnic 
groups were examined.” Prevalence of diabetic retinopathy in peo- 
ple with diagnosed diabetes was 84% higher in Mexican-Americans 
compared with non-Hispanic whites. Mexican-Americans also had 
higher rates of moderate and severe retinopathy and higher levels of 
many putative risk factors for retinopathy. While controlling for 
other measures of diabetes severity (duration of diabetes, hemoglo- 


FIGURE 41-8. Estimated annual incidence of proliferative retinopathy in 
first 4 years and next 6 years in the younger-onset group taking insulin and 
the older-onset groups taking and not taking insulin in the Wisconsin Epi- 
demiologic Study of Diabetic Retinopathy. 
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bin A,, level, insulin and oral agent use) and systolic blood pressure, 
the risk of retinopathy in Mexican-Americans was twice that of 
non-Hispanic whites. Another such study, the San Antonio Study of 
Diabetic Complications, employed methods similar to those used 
in the WESDR.”! After controlling for other known risk factors, 
Mexican-Americans with T2DM in San Antonio had 1.7 times 
higher prevalence of any retinopathy than did non-Hispanic whites 
with T2DM in the WESDR. However, similar frequencies of 
retinopathy were found in Hispanic whites with T2DM in San Luis 
Valley, Colorado, and non-Hispanic whites with T2DM in the 
WESDR, suggesting that geographic and unmeasured factors may 
result in variations within similar ethnic groups.” 

Observations from clinical studies suggest a higher frequency 
of retinopathy in African-Americans attending ophthalmology 
clinics.” However, data from a recent study in St. Louis showed 
that the prevalence and incidence of retinopathy was lower in 
blacks than in whites with TLDM.™ In the NHANES IN, the preva- 
lence of retinopathy was 46% higher in non-Hispanic blacks than 
in non-Hispanic whites.” However, while controlling for measures 
of diabetes severity and blood pressure, non-Hispanic blacks were 
not at higher risk for retinopathy than non-Hispanic whites. These 
data suggest that differences in diabetes severity and glycemic con- 
trol in persons with T2DM may explain black/white differences. 

The prevalence of retinopathy in second-generation (Nisei) di- 
abetic Japanese-Americans (12%) in Seattle was significantly 
lower than that reported in the diabetes clinic at Tokyo University 
Hospital (49% among patients with an onset of diabetes between 
20 and 59 years of age and 47% among those with an onset after 
59 years of age) and in diabetic white men not taking insulin re- 
ported in the WESDR (36%).*! 

There is a need to compare the distributions of known risk fac- 
tors to explain the variations of retinopathy incidence and progres- 
sion in different ethnic and racial groups. This is difficult because 
of variations from study to study in the detection and definition of 
diabetes and diabetic retinopathy. 


Genetic 
The relationships of specific genetic factors to increased 
susceptibility to diabetic retinopathy are not clear. Support for a 
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genetic relationship has come from studies that have shown that the 
severity and onset of retinopathy are similar among concordant 
identical twins.” In the Diabetes Control and Complications Trial 
(DCCT), familial clustering of diabetic retinopathy was investi- 
gated.”° Familial associations were assessed by comparing the fre- 
quency of retinopathy in diabetic relatives of the respective positive 
versus negative DCCT subjects. There was an increased risk of se- 
vere retinopathy (odds ratio 3.1, 95% CI 1.2-7.8) among relatives 
of retinopathy-positive versus retinopathy-negative DCCT subjects 
among families of subjects with T1DM in the study. These findings 
suggest that severity of diabetic retinopathy is influenced by possi- 
ble genetic factors. 

Some studies have found relationships with various HLA 
antigens while others have not.?”"8 In the WESDR younger- 
onset group, after adjusting for characteristics associated with 
proliferative retinopathy such as glycosylated hemoglobin, hyper- 
tension, duration of diabetes, and gross proteinuria, the presence 
of DR4 and the absence of DR3 were associated with a 5.4-fold 
increase in the odds of having proliferative retinopathy present 
compared with the absence of both DR4 and DR3.” However, in 
a 6-year follow-up of the same cohort, people with HLA-DR4 
were less likely to have progression to proliferative retinopathy 
during the follow-up than those without this antigen (29.4% ver- 
sus 43.5%). This relationship remained while controlling for 
other risk factors. The reasons for this discrepancy with preva- 
lence and incidence data are not known. No other HLA antigens 
predicted the incidence and progression of retinopathy in the 
WESDR. 

The reasons why specific HLA-DR antigens would increase 
the risk of developing more severe retinopathy are not apparent. 
Study of specific genetic factors associated with the pathogenesis 
of retinopathy, such as glycosylation, aldose reductase activity, col- 
lagen formation, and platelet adhesiveness and aggregation may 
yield a better understanding of the possible causal relationships be- 
tween genetic factors and diabetic retinopathy. 

There is a growing list of candidate genes involved in the 
pathogenesis of diabetic retinopathy that are being investigated. 
These include genes involved in inflammation, coagulation, vascu- 
lar proliferation, glycosylation, metabolism of sugar (such as the 
polyol pathway), and in regulating vascular tone. Detection of such 
genes could result in the development of more specific therapeutic 
approaches for preventing the incidence and progression of 
retinopathy (see Chaps. 13 and 40). 
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Sex 

Few differences in the prevalence and incidence of retinopathy 
in men and women with TIDM or T2DM have been reported. In 
the WESDR, there was a slightly higher prevalence of severe pro- 
liferative diabetic retinopathy with high risk for severe visual loss 
in younger-onset males (12%) compared to females (7%).'* The 
prevalence of proliferative retinopathy was similar in men and 
women with T1DM in Pittsburgh.*° 


Time-Related Variables 


Age and Puberty 

It is rare to find signs of diabetic retinopathy in children who 
are less than 10 years of age, regardless of the duration of 
TIDM.'*'™ After this age, the frequency and severity of retinopa- 
thy begins to increase. It has been hypothesized that a protective 
effect, lost after the start of puberty, is responsible for this. 

In the WESDR, menarchal status at the time of the baseline 
examination was related to the prevalence and severity of retinopa- 
thy.'°" After controlling for other risk factors, those who were post- 
menarchal were 3.2 times as likely to have retinopathy as those 
who were premenarchal. In a follow-up study of 60 insulin- 
dependent diabetic children, Frost-Larsen and Starup’™ found the 
incidence of retinopathy to be higher after puberty than before, in- 
dependent of duration or metabolic control of diabetes, or type of 
treatment. These findings have been observed in a number of other 
studies." Increases in growth hormone, insulin-like growth 
factor I, sex hormones, blood pressure, and poorer glycemic con- 
trol (due to increased insulin resistance, poorer compliance, and/or 
inadequate insulin dosage) have been hypothesized to explain the 
higher risk of developing retinopathy after puberty. Age has less of 
an effect on the prevalence or incidence of diabetic retinopathy in 
older-onset diabetics. In the WESDR, few people 75 years of age 
or older with T2DM developed proliferative retinopathy over the 
10 years of follow-up." 


Duration of Diabetes 

The frequency and severity of diabetic retinopathy, prolifera- 
tive retinopathy, and macular edema increase with increasing dura- 
tion of diabetes. The prevalence of retinopathy 3—4 years after di- 
agnosis of diabetes in the WESDR younger-onset group with 
TIDM was 14.5% in males and 24% in females, and in all cases 
it was mild (Fig. 41-9).'© However, in persons with diabetes for 


FIGURE 41-9. The frequency of retinopathy or proliferative 
retinopathy by duration of diabetes in years in 995 insulin-taking 
persons diagnosed to have diabetes before 30 years of age who 
participated in the Wisconsin Epidemiologic Study of Diabetic 
Retinopathy. (Reprinted with permission from Klein et al.'°) 
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19-20 years, 50% of males and 33% of females had proliferative 
retinopathy. Early after diagnosis of diabetes, retinopathy was 
more frequent in the older-onset group compared with the younger- 
onset group (Fig. 41-10).'7 In the first 3 years after diagnosis of 
diabetes, 23% of the older-onset group not taking insulin had 
retinopathy, and 2% had proliferative retinopathy. However, after 
20 years of diabetes, fewer older-onset persons not taking insulin 
had retinopathy (60% versus 99%) or proliferative retinopathy (5% 
versus 53%) than younger-onset people. 

Harris and coworkers!” extrapolated data regarding retinopa- 
thy prevalence at different durations of diabetes from older-onset 
participants in the WESDR and in a study in Australia, to the time 
when retinopathy prevalence was estimated to be zero. They calcu- 
lated that the onset of detectable retinopathy occurred about 4-7 
years before diagnosis of T2DM in these populations. 

In the WESDR, the prevalence of macular edema rose from 
zero in younger-onset persons with diabetes duration of 5 years to 
21% in persons with diabetes duration of more than 20 years.” The 
prevalence of macular edema also varied with increasing duration 
of diabetes, ranging from 3% at 5 years to 13% at 15 years or more 
in noninsulin-taking patients. In a referral practice at the Joslin 
Clinic, macular edema was found to be more common (45%) in 
type 2 diabetic patients diagnosed after 40 years of age than in type 
1 diabetic patients (17%) who were diagnosed before 30 years of 
age! 

In the WESDR, the 4- and 10-year incidence of diabetic 
retinopathy increased with increasing duration of diabetes at base- 
line.’~"® The risk of developing retinopathy in the younger-onset 
group remained high (74%) even after 10 years of diabetes. The 
4-year incidence of proliferative retinopathy varied from zero dur- 
ing the first 3 years after diagnosis of diabetes to 28% in younger- 
onset people with 13-14 years of diabetes. Thereafter the incidence 
remained stable.” This was also seen in a cohort of type 1 diabetic 
patients followed at the Joslin Clinic.'°’ In the older-onset WESDR 
groups, 2% of those with less than 5 years’ duration and 4.9% of 
those with 15 or more years of diabetes who were not taking in- 
sulin at baseline developed signs of proliferative retinopathy at the 
4-year follow-up.” 


FIGURE 41-10. The frequency of retinopathy or proliferative 
retinopathy by duration of diabetes in years in 673 insulin-taking 


and 697 noninsulin-taking persons diagnosed to have diabetes 100 


after 29 years of age who participated in the Wisconsin Epidemio- 
logic Study of Diabetic Retinopathy. (Reprinted with permission 


from Klein et al.'®) 80 


RETINOPATHY AND OTHER OCULAR COMPLICATIONS IN DIABETES 


Data from other population-based studies describing the 
dence and progression of diabetic retinopathy are presented in 1 
41-2. Data from the WESDR and other studies suggest that pri 
puberty or within 5 years of diagnosis, younger-onset persons 
insulin-dependent diabetes do not need an ophthalmoscopic ex 
nation to detect proliferative retinopathy or macular edema. 


Age at Diagnosis 


Age at diagnosis was not related to incidence or progression o 
abetic retinopathy in any of the diabetes groups followed in 
WESDR.”*”” However, after controlling for other risk factors 
cohort with T2DM in Rochester, Minnesota, the developmen 
retinopathy was associated with younger age at diagnosis.°* 


Control of Hyperglycemia 


Review of the existing experimental literature using animal mo: 
leaves little doubt as to the strong relationship between g 
glycemic control and less retinopathy.**""*:' Epidemiologic si 
ies have consistently demonstrated an association between g 
glycemic control and the incidence and progression of diab 
retinopathy (Table 41-6).247° #4041011 The WESDR < 
demonstrated that lower blood sugar at any stage of retinope 
prior to the proliferative phase and at any duration of diabetes ' 
associated with lower incidence and progression of retinope 
(Figs. 41-11, 41-12, and 4]-13).* However, the WESDR and o! 
epidemiologic studies could not address the question of underly 
severity of the diabetes, independently leading to both poorer c 
trol and more severe retinopathy. This could be addressed only 
tandomized therapeutic trials of metabolic control. The result: 
these trials suggest that achievement of glycemic control in i1 
viduals with previous poor control and nonproliferative retinc 
thy might be done slowly to potentially minimize the risk of | 
gression to the more severe preproliferative or proliferative ph 
of the disease. 

The DCCT was a large randomized controlled clinical tria 
1441 patients with type 1 diabetes.* It showed that inten: 
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TABLE 41-6 Characteristics Associated with the Prevalence and/or Incidence or Progression of Diabetic Retinopathy from Selected 


Population-Based Studies 


Bennett er al,’ Nelson er al% Il Yes 


Type of 

Author/Reference Diabetes Hyperglycemia 
West et al,’ Lee er ao” Il Yes 
Houston“? I = 
II — 
King et af” Il Yes 
Ballard et al” ll Yes 
Danielsen er al® I No 
Knuiman et a” I Yes 
II Yes 
Sjolie et al I Yes 
Teuscher et al” I No 
II Yes 
Haffner et al” Il Yes 
Jerneld”” I Yes 
II Yes 
Hamman et al”? ll Yes 
McLeod et al’* I No 
Klein ef af*!617-76-78.121.128,132.137 I Yes 
Moss et al'** I Yes 
Kostraba et al,'™ Lloyd et al” I Yes 
Fujimoto and Fukuda®! ll Yes 


Bold, incidence data 


High Blood History of History of 

Pressure Smoking Renal Disease High Lipids 
Yes — — — 

No/Yes* No Yes/No* No/Yes* 
Yes — — — 
Yes — — — 
Yes — — — 
No No No — 
Yes — Yes No 
Yes — Yes No 
No Yes No — 
Yes — — — 
Yes — — — 
Yes No Yes — 
— — Yes — 
Yes Yes — No 
Yes — — — 
Yes No Yes Yes 

Yes/Not No No — 
Yes No Yes Yes 


* No relationship of high blood pressure or high cholesterol with prevalence. significant relationship with incidence: relationship of gross proteinuria is significant with prevalence 


but not incidence or retinopathy. 


+ Relationship of high blood pressure with prevalence but not 4-year incidence of retinopathy is significant. 


Source: Reprinted with permission from Klein R. Klein BEK, Moss SE: The Wisconsin Epidemiological Study of Diabetic Retinopathy: A review. Diabetes Metab Rev 1989;5:559. 


FIGURE 41-11. Relation of 4-year incidence of diabetic retinopathy by 
quartiles of glycosylated hemoglobin at baseline in younger-onset persons 
taking insulin and older-onset persons taking and not taking insulin at base- 
line in the Wisconsin Epidemiologic Study of Diabetic Retinopathy. The 
ranges for baseline glycosylated hemoglobin in the younger-onset group 
(YO-I) are first quartile: 6.0-10.8%; second quartile: 10.9-12.2%: third 
quartile: 12.3-14.1%; and fourth quartile: 14.2-23.3%. The ranges for 
baseline glycosylated hemoglobin in the older-onset group taking insulin 
(OO-IT) are first quartile: 6.9-10.1%: second quartile: 10.2-11.8%: third 
quartile: 11.9-13.4%; and fourth quartile: 13.5-19.2%. The ranges for 
baseline glycosylated hemoglobin in the older-onset group not taking in- 
sulin (OO-NI) are first quartile: 6.2-8.5%; second quartile: 8.6-9.8%; third 
quartile: 9.9-1 1.6%; and fourth quartile: 1 1.7-23.6%. 
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glycemic control was associated with a reduced risk of incidence 
and progression of retinopathy, progression to preproliferative and 
proliferative retinopathy, incidence of macular edema, and the need 
for panretinal photocoagulation compared to conventional insulin 
treatment (Table 41-7 and Fig. 41-14). These data indicate a favor- 
able risk:benefit ratio for intensive glycemic control for most peo- 
ple with TIDM with no or early nonproliferative retinopathy. On 


FIGURE 41-12. Relation of 4-year progression of diabetic retinopathy by 
quartiles of glycosylated hemoglobin at baseline in younger-onset persons 
taking insulin (YO-I) and older-onset persons taking (OO-I) and not taking 
(OO-NI) insulin at baseline in the Wisconsin Epidemiologic Study of Dia- 
betic Retinopathy. 
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INCIDENCE OF PDR agnosed patients with T2DM.*!'* After 3 months of diet treatment, 
BY GLY. HEMOGLOBIN patients with a mean of two fasting plasma glucose concentrations 


of 6.1-15.0 mmol/L were randomly assigned to an intensive 

25 glycemic control group with either a sulfonylurea (chlorpropamide, 
glibenclamide, or glipizide) or with insulin or a conventional 

20 glycemic control group with diet. After 10 years of follow-up, 
hemoglobin A, was 7.0% in the intensive group and 7.9% in the 

5 conventional group. Compared with the conventional group, the risk 
0 reduction for progression of diabetic retinopathy (defined as two or 
more steps on the ETDRS severity scale) over a 12-year period in 

5 the intensive group was 21%. In addition, there was a 29% reduction 
O 


INCIDENCE (2) 


in the need for retinal photocoagulation in the intensive compared to 
the conventional group. These data conclusively showed that inten- 
1234 1234 1234 sive treatment with either sulfonylureas or insulin significantly re- 
duced the risk of progression of retinopathy in persons with T2DM. 
YO-| (070 OO-NI Prog PEATE 


FIGURE 41-13. Relation of 4-year incidence of proliferative diabetic Y 
retinopathy by quartiles of glycosylated hemoglobin at baseline in younger- C-Peptide Status 
onset persons taking insulin (YO-I) and older-onset persons taking (OO-I) 
and not taking (OO-NI) insulin at baseline in the Wisconsin Epidemiologic 
Study of Diabetic Retinopathy. 


Data from studies regarding the relationship between endogenous 
insulin secretion in those with T2DM, independent of glycemic 
control, to retinopathy, are not consistent.!!©''* After controlling 
for characteristics associated with retinopathy in the older-onset 


average, 3 years were required to demonstrate the beneficial effect group with T2DM in the WESDR, there was no relationship be- 
of intensive treatment. After 3 years, the beneficial effect of inten- tween plasma C peptide and retinopathy.'!* These findings suggest 
sive insulin treatment increased over time. In addition, the DCCT that the level of glycemia and not the level of endogenous C pep- 
data did not support the concept of a glycemic threshold regarding tide is more important in determining the presence and severity of 
progression of retinopathy. retinopathy in people with T2DM. 


An early worsening of retinopathy in the first year of treatment 
of the intensive therapy group in the secondary-intervention cohort 


was observed. This finding was similar to those reported by earlier Exogenous Insulin 


feasibility clinical trials of intensive treatment in patients with Exogenous insulin has been postulated to be a possible cause of 
TIDM.!'?"* The results suggest that achievement of glycemic atherosclerotic vascular disease and retinopathy in people with 
control in individuals with previous poor control and nonprolifera- T2DM.'” In the WESDR, there was no association between the 
tive retinopathy might be done slowly to potentially minimize the amount or type of exogenous insulin used and the presence and 
risk of progression to the more severe preproliferative or prolifera- severity of retinopathy in the older-onset group using insulin 
tive phase of the disease. whose C peptide was 20.3 nmol/L.''*® These data suggest that 

The United Kingdom Prospective Diabetes Study (UKPDS) exogenous insulin itself is probably not causally related to 
was a randomized controlled clinical trial involving 3867 newly di- retinopathy in diabetic people with normal C peptide. 


TABLE 41-7. Development and Progression of Long-Term Complications of Diabetes in the Study Cohorts and Reduction in Risk 
with Intensive as Compared with Conventional Therapy* 


Primary Prevention Secondary Intervention Both Cohortst 
Conventional Intensive Risk Conventional Intensive Risk Risk 
Therapy Therapy Reduction Therapy Therapy Reduction Reduction 

Complications Rate/100 patient-y % (95% CI) Rate/100 patient-y % (95% CI) % (95% CI) 
2=3-Step sustained retinopathy 4.7 1.2 76 (62-85)ż} 7.8 3.7 54 (39-66): 63 (52-71) 
Macular edema§ — — — 3.0 2.0 23 (213-48) 26 (28-50) 
Severe nonproliferative or 

proliferative retinopathy § — — — 2.4 Ll 47 (14-67)] 47 (15-67) 
Laser treatment] # — — — 2.3 0.9 56 (26-74)£ 51 (21-70)] 


* Ratcs shown are absolute rates of the development and progression of complications per 100 patient-years, Risk reductions represent the compurison of intensive with conven- 
tional treatment. expressed as a percentage and calculated from the proportional-hazards model with adjustment for baseline values as noted, except in the case of neuropathy. CI 
denotes contidence interval. 


+ Stratified according to the primary-prevention and secondary-prevention cohorts. 

p =0.002 by the two-tailed rank-sum test. 

§ Too lew events occurred in the primary-prevention cohort to allow meaningful analysis of this variable. 
{p <0.04 by the two-tailed rank-sum test. 

# Denotes the first episode of laser therapy for macular edema or proliferative retinopathy. 


Source: The DCCT Research Group." 
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FIGURE 41-14. Cumulative incidence of a sustained change in retinopathy in patients with TIDM receiving 
intensive or conventional therapy in A. (left panel) the primary prevention and B. (right panel) the secondary 
intervention arms of the Diabetes Control and Complications Trial. (Reprinted with permission from the DCCT 


Research Group.*) 


Blood Pressure 


Because high blood pressure per se can cause many of the lesions 
associated with diabetic retinopathy (eg, cotton-wool spots, retinal 
hemorrhages, and microaneurysms), it is not unexpected that a pos- 
itive association between blood pressure and severity of retinopathy 
has been reported by a number of investigators. ''799-6799-67-7!.73.75 
Increased blood pressure, through an effect on blood flow, has been 
hypothesized to damage the retinal capillary endothelial cells, re- 
sulting in the development and progression of retinopathy.” > The 
relative risk (RR) for the presence of retinopathy during the first 
10 years of diabetes for the WESDR younger-onset insulin-taking 
persons with diastolic blood pressure in the highest quartile com- 
pared to those in the lowest quartile was about 2; for persons with 
10 years or more of diabetes, the RR of proliferative retinopathy in 
persons whose diastolic blood pressure was in the highest quartile 
compared to those whose diastolic blood pressure was in the lowest 
quartile was also about 2.'° Similarly, the highest risk for retinopa- 
thy was reported for persons with highest blood pressure in the 
older-onset insulin- or noninsulin-taking persons.’ 

Macular edema has also been reported to be associated with in- 
creased blood pressure. Deutsch and associates!” found that pa- 
tients with macular edema in one clinic in the ETDRS had higher 
mean blood pressure than patients without edema. Similar findings 
have been reported in the WESDR for insulin- or noninsulin-taking 
persons.” 

In contrast to cross-sectional observation, data regarding the 
relationship between high blood pressure or hypertension and the 
development and progression of retinopathy have not yielded con- 
sistent findings (Table 41-6).75-78-4041-121 In an 8-year follow-up of 
Swiss patients with T2DM, Teuscher and coworkers”? found that 
those with uncontrolled hypertension were more likely to have 
their retinopathy progress than those whose blood pressure was 
controlled. In the WESDR, systolic blood pressure was a signifi- 
cant predictor of the 4-year incidence of diabetic retinopathy, dias- 
tolic blood pressure was a predictor for the 4-year progression of 
retinopathy, and both systolic and diastolic blood pressure were 


predictors of the incidence of proliferative retinopathy, independ- 
ent of glycosylated hemoglobin, only in people with younger-onset 
diabetes (Figs. 41-15 to 41-17).'*! Neither systolic nor diastolic 
blood pressure was found to be related to the 4- or 10-year inci- 
dence or progression of retinopathy in either of the older-onset 
groups. The failure to find a relationship in the older-onset 
WESDR groups persisted after controlling for the use of antihyper- 
tensive medications. 

Whether the relationship between blood pressure and retinopa- 
thy is etiologic or both are the result of the effect of diabetes on the 
microvascular system is difficult to assess from cohort studies. 
Data from the EURODIAB Controlled Trial of Lisinopril in T1DM 
(the EUCLID Study Group) study showed a 50% reduction in the 


FIGURE 41-15. Relation of 4-year incidence of diabetic retinopathy by 
quartiles of systolic and diastolic blood pressure at baseline in younger- 
onset persons in the Wisconsin Epidemiologic Study of Diabetic Retinopa- 
thy. The ranges for baseline systolic and diastolic blood pressure, respec- 
tively, in the younger-onset group are first quartile: 78-110 and 42-71 mm 
Hg; second quartile: 111-120 and 72-78 mm Hg; third quartile: 121-134 
and 79-85 mm Hg: and fourth quartile: 135-221 and 86-117 mm Hg. 
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FIGURE 41-16. Relation of 4-year progression of diabetic retinopathy by 
quartiles of systolic and diastolic blood pressure at baseline in younger-onset 
persons in the Wisconsin Epidemiologic Study of Diabetic Retinopathy. 


progression of retinopathy, after adjustment for glycemic control, 
in nonhypertensive or mildly hypertensive persons in the Lisinopril 
treatment group compared to the placebo group.'”* 

The UKPDS also sought to determine whether tight control of 
blood pressure with either a beta blocker or an ACE inhibitor was 
beneficial in reducing macrovascular and microvascular complica- 
tions associated with T2DM.° They randomized 1148 patients with 
hypertension (mean blood pressure 160/94 mm Hg) to a regimen 
of tight control with either captopril or atenolol and another 390 
patients to less tight control of their blood pressure. Tight blood 
pressure control resulted in a 35% reduction in retinal photocoagu- 
lation compared to conventional control. After 7.5 years of follow- 
up, there was a 34% reduction in the rate of progression of 
retinopathy by two or more steps using the modified ETDRS sever- 
ity scale, and a 47% reduction in the deterioration of visual acuity 
by three lines or more using the ETDRS charts (i.e., going from 
20/20 to 20/40 or worse on a Snellen chart). The effect was largely 
due to a reduction in incidence of diabetic macular edema. 


FIGURE 41-17. Relation of 4-year incidence of proliferative diabetic 
retinopathy by quartiles of systolic and diastolic blood pressure at baseline 
in younger-onset persons in the Wisconsin Epidemiologic Study of Dia- 
betic Retinopathy. 
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Atenolol and captopril were equally effective in reducing the risk 
of development of these microvascular complications. The effects 
of blood pressure control were independent of glycemic control. 
These findings strongly support tight blood pressure control in peo- 
ple with T2DM as a means of preventing visual loss due to the pro- 
gression of diabetic retinopathy. 


Proteinuria and Diabetic Nephropathy 


The prevalence and severity of diabetic retinopathy is associated 
with the presence of diabetic nephropathy, as manifest by micro- 
albuminuria or gross proteinuria. This is not unexpected, as rheo- 
logical, platelet, and lipid abnormalities associated with nephropa- 
thy may be involved in the pathogenesis of retinopathy. '?? 

Diabetic retinopathy is usually seen before clinical detection of 
nephropathy (measured by proteinuria, increased blood urea nitro- 
gen [BUN], or serum creatinine), although physiologic manifesta- 
tions of early renal dysfunction (e.g., increased glomerular filtra- 
tion rate) may be detected early in the course of the disease. 
Differing underlying pathogenetic or anatomic factors have been 
postulated to explain such differences.'?* The higher frequency 
of retinopathy may also be secondary to its easier detection via 
ophthalmoscopy. 

In the WESDR, gross proteinuria was present in 27% of 
insulin-taking persons diagnosed before 30 years of age who had 
retinopathy; for persons diagnosed at or after 30 years of age who 
were not taking insulin, gross proteinuria was present in 19% of 
those with retinopathy.'°'” In a study of diabetic Oklahoma Indi- 
ans, West and colleagues®’ reported that 58% of persons with se- 
vere retinopathy had heavy proteinuria. 

In WESDR younger-onset persons with 10 years or more of di- 
abetes, proliferative retinopathy was found three times as often in 
persons with proteinuria as in those without proteinuria; similarly, 
in noninsulin-taking older-onset persons, proliferative retinopathy 
was 2.7 times as frequent in the presence of proteinuria as in its 
absence." 

In the WESDR, in the younger-onset group taking insulin, the 
RR of proliferative retinopathy developing over 4 years in those 
with gross proteinuria at baseline was 2.32 (95% CI 1.40, 3.83) 
compared with those without gross proteinuria.'* For the older- 
onset group taking insulin, it was 2.02 (95% CI 0.91, 4.44), and for 
those not taking insulin it was 1.13 (95% CI 0.15, 8.50). After con- 
trolling for other risk variables, the relationship was of borderline 
significance (p = 0.052) in the younger-onset group with no or 
early nonproliferative retinopathy at baseline. In Pittsburgh, those 
with TIDM and microalbuminuria or overt nephropathy at entry 
had a significantly higher rate of progression to proliferative dis- 
ease over a 2-year period than people without renal disease.*' 
These data suggest that gross proteinuria is a risk indicator for pro- 
liferative retinopathy and these patients might benefit from having 
regular ophthalmologic evaluation. 

Most diabetic persons who develop end-stage renal disease 
that requires dialysis or transplantation have proliferative retinopa- 
thy. Ramsey and coworkers'”* reported that 75% of eyes of diabetic 
patients who were undergoing renal transplantation or dialysis had 
proliferative retinopathy, and 32% had visual acuity of 20/160 or 
worse in the better eye. 

Patients on dialysis or following renal transplantation usually 
have a stabilization of visual function.'*° In one study, 54% 
(165/308) of eyes of diabetic patients had visual acuity of 20/50 or 
better at the time of their renal transplant for diabetic end-stage 
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renal disease. With a mean follow-up time of 3-5 years, 51% 
(157/308) of eyes had retained this visual acuity level. Progression 
of retinopathy was reported (no comparison group) in 38% (30/78) 
of eyes that had nonproliferative disease before transplantation. 
However, of eyes that had active proliferative retinopathy at the time 
of transplantation, 71% (43/61) became inactive and were at lower 
risk of visual loss after the transplantation. Similar findings were re- 
ported for patients on dialysis. However, patients undergoing trans- 
plantation are at risk of developing decreased visual acuity due to 
cataract formation, secondary to systemic corticosteroids, or due to 
cytomegalovirus retinitis (secondary to immunosuppression).'”’ 

Patients undergoing hemodialysis have been thought to be at 
greater risk of vitreous hemorrhage due to heparinization or to 
rapid metabolic and blood pressure changes.'?” However, Ramsey 
and associates!” reported no difference in visual prognosis (if 
metabolic and blood pressure control is brought about gradually) in 
diabetic patients managed by peritoneal dialysis compared to 
chronic hemodialysis. Patients undergoing hemodialysis are also at 
risk of developing increased intraocular pressure.'*”? The mecha- 
nism for this is unknown. Monitoring of intraocular pressures of 
such patients is indicated. 


Serum Lipids 


Most of the information regarding the relationship of serum lipids 
to diabetic retinopathy is inconsistent (Table 44 -6).3741.67-73.128 Ty 
the WESDR, higher total serum cholesterol was associated with 
higher prevalence of retinal hard exudates in both the younger- and 
older-onset groups using insulin.'?° In the ETDRS, higher levels of 
serum lipids (triglycerides, LDL cholesterol, and VLDL choles- 
terol) were associated with an increased risk of developing hard ex- 
udates in the macula.!”° Randomized controlled clinical trials to in- 
vestigate whether statins prevent the incidence and progression of 
retinopathy and visual loss are underway. 


Smoking and Alcohol 


Smoking, a known risk factor for cardiovascular disease, has been 
implicated in some studies as being causally related to retinopa- 
thy.**-"3°'3' One might anticipate such an association because 
smoking may cause tissue hypoxia by increasing blood carbon 
monoxide levels. Additionally, smoking may lead to increased 
platelet adhesiveness and aggregation. Paetkau and coworkers!” 
first reported a positive association between smoking and prolifer- 
ative diabetic retinopathy in 181 patients referred to a fluorescein 
angiography unit. Nielsen and Hjollund'?! also found a relation- 
ship between severity of retinopathy and cigarette smoking in 
male, but not in female, TIDM patients. Many subsequent studies 
have failed to demonstrate an association between the risk of 
retinopathy and a smoking history. 254171132133 In the WESDR, 
cigarette smoking was not associated with the 4-year incidence or 
progression of diabetic retinopathy.'** 

The few studies that have examined the relationship between 
alcohol consumption and diabetic retinopathy have not been con- 
sistent (Table 41-6).'°*"'7° A possible protective effect of alcohol, 
as a result of reduced platelet adhesiveness and aggregation, might 
be expected. In the WESDR, alcohol consumption was associated 
with a lower prevalence of proliferative retinopathy.'** However, 
there was no relationship between alcohol consumption at the 
4-year examination and the incidence and progression of retinopa- 
thy 6 years later. 


Body Mass (Obesity) and Physical Activity 


The severity of retinopathy has been reported to be inversely corre- 
lated with body mass index in noninsulin-taking persons.'”*' This 
finding is compatible with the concept that obese older-onset 
noninsulin-taking patients have a milder form of the disease. 

In the WESDR, there was no association between physical ac- 
tivity or leisure-time energy expenditure and the prevalence, inci- 
dence, and progression of diabetic retinopathy." However, in 
women diagnosed to have diabetes before 14 years of age, those 
who participated in team sports were less likely to have prolifera- 
tive diabetic retinopathy than those who did not. 


Socioeconomic Status 


There are few data available assessing the relationships between 
socioeconomic factors and severity of retinopathy. Hanna and col- 
leagues'** reported a significant association between proliferative 
retinopathy and occupational status (working class) or a lower in- 
come in a case-control study of 49 type 1 diabetic patients. West 
and coworkers” failed to find a relationship of retinopathy with ed- 
ucation level in a population of diabetic Oklahoma Indians. 
Haffner and associates”? did not find a relationship between lower 
socioeconomic status (as measured using a combination of the 
Duncan Index, educational attainment, and income) and more se- 
vere retinopathy in 343 Mexican-Americans and 79 non-Hispanic 
whites with T2DM in San Antonio. 

In the WESDR, with the exception of an association of lower 
incidence of proliferative retinopathy with more education in 
younger-onset women 25 years of age or older, socioeconomic sta- 
tus (education level and Duncan Socioeconomic Index score) was 
not related to increased risk of developing proliferative retinopa- 
thy.” Younger-onset men with proliferative retinopathy at baseline 
were more likely to become unemployed and younger-onset 
women were more likely to divorce 4 years later. 


Pregnancy 


In a review of the literature, Rodman and coworkers'*’ found that 
only 17 (8%) of 201 cases of pregnant diabetic patients with no or 
early nonproliferative retinopathy at the onset of their pregnancy 
progressed; only 4 of these 17 developed proliferative diabetic 
retinopathy. In 127 cases of women known to have proliferative 
retinopathy at the onset of their pregnancy, 32 (25%) experienced 
progression during the pregnancy. In a review of the Joslin Clinic 
data by Beetham'”? in 1950, duration of diabetes before pregnancy 
was found to be the most important determinant of the progression 
of retinopathy. 

Larinkari and associates'*’ in an uncontrolled follow-up series 
of patients, observed progression of retinopathy in 8 of 42 pregnant 
diabetic patients. Progression of retinopathy was related to in- 
creased duration of diabetes, increased severity of retinopathy at 
the onset of disease, poor control of blood glucose during the first 
trimester, and higher serum progesterone concentrations. In a 
prospective study, Moloney and Drury'™ reported a 40% incidence 
of retinopathy in patients who were free of retinopathy at the be- 
ginning of the pregnancy. There was zero incidence of retinopathy 
in 120 nonpregnant insulin-dependent control subjects. In patients 
with background retinopathy at the onset of their pregnancies, pro- 
gression, manifested by streak or blot hemorrhages, occurred in 
53%, and cotton-wool spots occurred in 29%. In comparison, 
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streak or blot hemorrhages occurred in only 8% and soft exudates 
in none of the diabetic nonpregnant control group. Only one of the 
pregnant women with nonproliferative retinopathy progressed to 
proliferative disease. In the pregnant group, ophthalmoscopic man- 
ifestations of retinopathy disappeared in 12 (23%) patients after 
delivery. Development of streak and blot hemorrhages was associ- 
ated with increased insulin requirement and higher fasting blood 
glucose and hemoglobin A, levels early in pregnancy. Soft exu- 
dates were associated with lower fasting blood glucose levels late 
in pregnancy, but not with hypertension or preeclamptic toxemia. 

In a recently completed case-control study of women with 
TIDM, the frequency of progression to proliferative retinopathy 
was higher in those who were pregnant compared to those who 
were not (7% versus 4%).'*° Women in this study were similar in 
age, duration of diabetes, and retinopathy status at baseline. Preg- 
nancy remained a significant predictor of the progression of dia- 
betic retinopathy after controlling for glycosylated hemoglobin and 
blood pressure. 

With the development of photocoagulation, there has been 
much change in the management of female diabetic patients since 
1950, when Beetham recommended that “in their own best inter- 
ests, patients presenting a large amount of retinal hemorthage, or 
proliferating retinopathy, should not be permitted to undertake 
pregnancy.”'*? Current management recommendations include 
evaluation by an ophthalmologist of all type 1 diabetic patients 
considering pregnancy or those who have become pregnant. Those 
women with no or mild retinopathy, although at low risk of pro- 
gression, should be followed by an ophthalmologist and seen more 
frequently than usual during gestation (perhaps every 2-3 months), 
especially if they develop complications (e.g., toxemia or progres- 
sion of retinopathy). Because panretinal photocoagulation has been 
shown to cause significant regression of retinal new blood vessels 
and prevent serious reduction of vision, women with severe prepro- 
liferative or proliferative retinopathy should be referred for possi- 
ble treatment.’ There are no data on the benefits of cesarean section 
as a means of delivery for women with high-risk proliferative 
retinopathy who do not respond to panretinal photocoagulation 
treatment. 

Severe retinopathy has been shown to be an indicator of higher 
risk of congenital abnormalities in children born of mothers with 
TIDM.'*° 
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Retinopathy, Comorbidity, and Mortality 


Severe retinopathy is associated with cardiovascular disease ri: 
factors such as increased fibrinogen, hyperglycemia, hypertensio 
and increased platelet aggregation.* This probably explains in pz 
why people with diabetic retinopathy have been found to have 
higher prevalence of coronary disease.°! Thus it is not surprisit 
that in the WESDR, those with proliferative retinopathy were at ii 
creased risk of developing a heart attack, stroke, diabetic nephrop. 
thy, and amputation (Table 41-8). 

The ETDRS demonstrated that aspirin does not increa: 
the risk of vitreous hemorrhage or loss of vision in persons wii 
proliferative retinopathy.'*” It was also not found to prevent tł 
incidence or progression of retinopathy in the WESDR or tt 
ETDRS. 

The probability for survival decreases with increasing severil 
of retinopathy. In the WESDR, increasing risk of death was foun 
with more severe retinopathy at baseline (Figs. 41-18 and 41-19 
These findings are consistent with the association of sevei 
retinopathy with the incidence of cardiovascular disease and di: 
betic nephropathy. The higher prevalence of systemic conditior 
(e.g., uremia, coronary heart disease, and hypertension) in patien 
with severe retinopathy is responsible for the increased risk « 
death. These data suggest that diabetic patients with retinopath 
should be under close medical surveillance for diagnosis and trea 
ment of cardiovascular disease. 


Medical Therapy 


Aside from oral hypoglycemic agents, insulin, and antihypertensiy 
medications, no drugs have been found to prevent or decrease tt 
progression of diabetic retinopathy.”'** Treatment regimens invol\ 
ing androgenic and nonandrogenic anabolic steroids; vitamins B, 
C, E, and K; calcium debosilate; calcium phosphate; cyclandelat 
anticoagulants; aldose-reductase inhibitors; and aspirin have bee 
proposed, tried, or have not proved to be of therapeutic or prever 
tive value in altering the course of diabetic retinopathy.” 6147148 
Epidemiologic studies, the DCCT, and the UKPDS hav 
clearly demonstrated the significant reduction in the incidence an 
progression of diabetic retinopathy by reduction of hype 
glycemia.** The findings from the DCCT and UKPDS have stron 


TABLE 41-8. The Relative Risk for the Prevalence and Four-Year Incidence of Myocardial Infarction, Stroke, and Amputation 
of the Lower Extremities Associated with the Presence of Proliferative Retinopathy, Corrected for Age in the Wisconsin Epidemiologic 


Study of Diabetic Retinopathy 


Myocardial Infarction 
RR 95% CI 
Younger-onset group 
Prevalence 3.5 1.5-7.9 
Incidence 4.5 1.3-15.4 
Older-onset group taking insulin 
Prevalence 0.4-1.4 
Incidence 1.2 0.5-3.4 
Older-onset group not taking insulin 
Prevalence 0.3 0-2.4 
Incidence 1.5 0.2-12.5 


Amputation of 

Stroke Lower Extremity 
RR 95% CI RR 95% C 
2.6 0.7-9.7 7.1 2.6-19. 
1.6 0.4-5.7 6.0 2.1-16. 
1.2 0.6-2.4 4.2 2.3-7.9 
2.9 1.2-6.8 3.4 0.9-13. 
2.9 0.9-9.4 5:2 0.6-45. 
6.0 1.1-32.6 7.0 0.8-64. 


Cl, confidence interval. 


RR. relative risk. 


Source: Reprinted with permission from Klein R, Klein BEK., Moss SE: The epidemiology of proliferative diabetic retinopathy. Diabetes Care 1992:15:1875. 
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FIGURE 41-18. Age- and sex-adjusted survival curves by diabetic retinopa- 
thy status at baseline examination in younger-onset persons participating in 
the Wisconsin Epidemiologic Study of Diabetic Retinopathy. (Reprinted 
with permission from Klein R, Moss SE, Klein BEK, et al: Relation of 
ocular and systemic factors to survival in diabetes. Arch Intern Med /989; 
149: 266.) 


public health importance, as only 6.7% of the younger-onset per- 
sons, 9.5% of older-onset persons taking insulin, and 34.8% of 
older-onset persons not taking insulin in the WESDR had glycosy- 
lated hemoglobin levels at the baseline examination that fell within 
two standard deviations from the mean of a nondiabetic compari- 
son group.” Ten years after the baseline examination, data from the 
WESDR continue to show a large number of individuals with 
poorly controlled diabetes.'*” 

The results of the UKPDS and from EUCLID clinical trials 
suggest that control of blood pressure may also reduce the progres- 
sion of diabetic retinopathy independent of glycemic control.*!?? 
Data from the WESDR also show a significant proportion of peo- 
ple with diabetes whose hypertension is in poor control. 


Surgical Therapy 


Photocoagulation 
The rationale for the use of panretinal photocoagulation re- 
sulted from the observation that the eyes of diabetic patients with 


FIGURE 41-19. Age- and sex-adjusted survival curves by diabetic retinopa- 
thy status at baseline examination in older-onset persons participating in the 
Wisconsin Epidemiologic Study of Diabetic Retinopathy. (Reprinted with 
permission from Klein R, Moss SE, Klein BEK, et al: Relation of ocular and 
systemic factors to survival in diabetes. Arch Intern Med /989:/49:266.) 
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disseminated chorioretinal scars due to trauma or infection had 
lower rates of retinopathy than the fellow eye without such 
changes.” As a result of these observations, high-energy light 
sources (xenon arc; ruby, argon, and krypton lasers) have been de- 
veloped to produce burns leading to scars in the outer layer of the 
retina. 

Despite a number of clinical studies, five of which used con- 
current controls, the efficacy of photocoagulation in preventing 
severe visual loss due to proliferative retinopathy was not widely 
accepted prior to the onset of the Diabetic Retinopathy Study 
(DRS) in 1972. That therapeutic trial was sponsored by the Na- 
tional Eye Institute and was conducted between 1972 and 1979.” A 
total of 1758 patients were involved. To be eligible for participa- 
tion, patients had to have visual acuity of 20/100 or better in each 
eye, no previous photocoagulation, and proliferative retinopathy in 
at least one eye or severe nonproliferative or proliferative retinopa- 
thy in both eyes. There was random assignment of one eye of each 
patient to photocoagulation (either xenon arc or argon laser) and 
the other to follow-up without photocoagulation. The photocoagu- 
lation technique involved “scatter” panretinal photocoagulation of 
retinal new vessels. 

The major end point in the DRS was “severe visual loss,” 
defined as a visual acuity of less than 5/200 in two consecutive 
follow-up visits 4 months apart. The major finding of the DRS was 
that the risk of severe visual loss in treated eyes was less than one 
half that in untreated control eyes (Fig. 41-20).’ The 6-year cumu- 
lative event rate for severe visual loss was 38% for untreated and 
16% for treated eyes. High-risk retinopathy characteristics for se- 
vere visual loss in untreated eyes in the DRS included new vessels 
at the optic disk equaling or exceeding one-third of the disk area in 
extent (Fig. 41-21), new vessels at the disk less than one-third of 
the disk area in extent with preretinal or vitreous hemorrhage, and 
new vessels more than one disk diameter away from the optic disk 
greater than one-half the disk area in size associated with preretinal 
or vitreous hemorrhage. The conclusion reached by the DRS group 
was that in eyes with such high-risk characteristics, the risk of se- 
vere visual loss without treatment was 25% at 2 years and in eyes 
with treatment it was 12%; this beneficial effect outweighed the 
risk of harmful treatment effects.’ The results of the ETDRS sug- 
gested that earlier panretinal treatment of eyes with high-risk pro- 
liferative retinopathy may result in a 90% decrease in the risk of 
severe loss of vision. "° 

The ETDRS provided data on panretinal photocoagulation 
treatment for eyes in which proliferative retinopathy with DRS 
high-risk characteristics for severe vision loss were not present.'*' 
The data suggest that in eyes with early or moderate severe non- 
proliferative retinopathy (Levels 21-47; see Table 41-1) there is lit- 
tle or no reason to treat with panretinal photocoagulation because 
of the relatively low risk of progression to severe visual loss and 
the risk of complications associated with such treatment. However, 
in people in whom both eyes have bilateral severe preproliferative 
retinopathy or proliferative retinopathy without DRS high-risk 
complications (Level 53 or 65; see Table 41-1), the data suggest 
there may be some benefit in prompt initiation of panretinal photo- 
coagulation in at least one eye. 

Before undergoing panretinal treatment, the patient is told that 
photocoagulation may reduce the chances of severe loss of vision 
(to less than 5/200), but that it does not completely eliminate its 
possibility. The patient is also told that photocoagulation may cause 
moderate reduction of visual function as an unavoidable side ef- 
fect, but that this reduction usually is of minor consequence. Such 
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FIGURE 41-20. Cumulative rates of severe visual loss 
(5/200 or less) in the Diabetic Retinopathy Study 
Group. (Reprinted with permission from Diabetic 
Retinopathy Study Group.") 


reduction includes mild loss of central vision (e.g., if the visual acu- 
ity was 20/20 before treatment, it might be reduced to 20/25 to 
20/30 after panretinal argon laser treatment in 10% of patients), 
mild constriction of peripheral visual fields (5% of cases with argon 
laser), impaired night vision, and decreased accommodation. ”'* 
The patient is also informed about the rare more severe side effects 
(e.g., severe constriction of visual fields and severe loss of central 
vision due to development of vitreous hemorrhage, traction retinal 
detachment after treatment, or an inadvertent foveal burn). 
Panretinal photocoagulation is usually done as an outpatient 
procedure. To achieve anesthesia, proparacaine drops are applied to 
the cornea. Rarely, a retrobulbar injection of lidocaine is used. The 
pupil is dilated, and a contact lens is applied to the cornea. Under 


FIGURE 41-21. Fundus photograph of the 
left eye showing stringy new vessels equal- 
ing one-third the disk area in front of the 
optic disk (black arrows). This patient, 
who is asymptomatic and has normal visual 
acuity, is at high risk of developing severe 
visual loss if not treated with panretinal 
photocoagulation. (Reprinted with permis- 
sion from Klein R: Management of eve dis- 
euse in the insulin-dependent diabetic 
patient. In: MacDonald M, ed. Managing 
Diabetes Mellitus in Children and Adoles- 
cents. Saunders: 1983.) 
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direct visualization of the retina, 800-1800 burns, usually 500-um 
diameter in size, are delivered in a grid-like pattern (sparing the 
central retina) in one or more treatment sessions (Fig. 41-22). A 
successful treatment usually leads to partial or complete regression 
of abnormal new preretinal and optic disk blood vessels (Fig. 
41-23), in most cases within 4 weeks. If the high-risk characteris- 
tics remain, further treatments are usually scheduled. Underlying 
reasons for failure to respond to laser treatment were not defined in 
the DRS. 

The mechanisms of action of panretinal photocoagulation 
are not known. A number of theories of how photocoagulation 
works have been suggested. They include destruction of hypoxic 
retinal tissue resulting in decreased production of a hypothetical va- 
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soproliferative. factor, increased oxygenation of untreated retinal 
tissue leading to vasoconstriction and regression of proliferative tis- 
sue, and increased passage of metabolites through the blood-retinal 
barrier at the level of the retinal pigment epithelium.’*"' 

The ETDRS has demonstrated that treatment of clinically sig- 
nificant macular edema with focal or grid (or both) laser photoco- 
agulation of the macular area reduces doubling of the visual angle 
(e.g., going from 20/20 to 20/40 or 20/30 to 20/60) to 13% from 
30% in untreated eyes (Fig. 41-24).® 

During treatment for macular edema, a fluorescein angiogram 
projected on a wall or in a special viewer is used to demonstrate 
abnormal leakage from retinal blood vessels, which may be re- 
sponsible for macular edema, as well as for areas of ischemia (clo- 
sure of retinal capillaries). Topical anesthesia with proparacaine 
drops is routinely used. Photocoagulation burns of 0.05-0.1 second 
duration and 100-200 jm in size are directed at leaking retinal 
microaneurysms as identified on the fluorescein angiograms. Burns 
of 50 um may be added to achieve further whitening of the retinal 
microaneurysms. Nonperfused areas may also be treated in a grid- 
like pattern to destroy ischemic retina. Follow-up examination is 
done within 3 months; if the edema persists, the angiogram is re- 
peated and any remaining leaks are treated. 

The rationale for photocoagulation for macular edema includes 
ablation of leaking microaneurysms. Bresnick”” has suggested that 
a “debridement” of abnormal retinal pigment epithelial cells with 
replacement by normal cells may reestablish the blood-—retinal bar- 
rier, facilitating absorption of retinal edema fluid. 


Vitrectomy 

Vitrectomy is done to remove vitreous hemorrhage or to cut fi- 
brous bands that cause tractional detachments of the retina due to 
proliferative disease. Prior to the development of vitrectomy, the 
only treatment for vitreous hemorrhage was patching of both eyes 
and elevation of the head. Currently, if a significant vireous hem- 
orrhage obscures visualization of the retina, bilateral patching and 


FIGURE 41-22. Fundus photograph of the 
right eye demonstrating fresh panretinal 
argon laser photocoagulation burns that 
have been delivered in a grid-like fashion, 
sparing the macular area. (Reprinted with 
permission from Klein R: Management of 
eye disease in the insulin-dependent dia- 
betic patient, In: MacDonald M. ed. Manag- 
ing Diabetes Mellitus in Children and Ado- 
lescents. Saunders: 1983.) 


elevation of the head for 24—48 hours is sometimes recommended. 
The fundus is examined, and if there has been enough settling of 
the vitreous hemorrhage, panretinal photocoagulation is done if in- 
dicated and feasible. 

Vitrectomy may be recommended if there has been no clearing 
of the vitreous hemorrhage after a few months in people with 
TIDM or after 6-12 months in people with T2DM, or sooner if 
there is ultrasound or other evidence of a tractional retinal detach- 
ment threatening or involving the macular area. The major objec- 
tives of vitreous surgery are to clear the optical axis of opacities 
and to release mechanical traction on the retina. 

Vitrectomy is a procedure that may require hospitalization and 
may be performed under general anesthesia; the average duration 
of the operation is 2-3 hours. Because the surgery is generally per- 
formed on an elective basis, preoperative evaluation includes a 
thorough examination to diagnose and contro] numerous medical 
problems often found in the diabetic patient undergoing vitrec- 
tomy. Cardiovascular, renal, and metabolic problems must be 
managed during and after surgery. 

The vitrectomy device and fiberoptic illuminators are intro- 
duced into the eye through small openings made in the sclera 
overlying the pars plana (flat portion) of the ciliary body. Usually 
the lens is left undisturbed; however, if a cataract is present and 
prohibits visualization for vitrectomy, the lens may be removed be- 
fore or during surgery. Under direct observation, the vitrectomy in- 
strument is used to cut and remove fibrous tissues and blood from 
the vitreous cavity, and vitreous volume is restored with a balanced 
salt solution. Using special intraocular scissors, the surgeon may 
cut fibroproliferative tissue and epiretinal membranes, which are 
responsible for traction on the retina. 

In cases in which a prior retinal tear is present or a tear occurs 
during the procedure, choroidoretinal adhesion is produced around 
the tear with cryopexy to prevent detachment of the retina. Addi- 
tionally, air with or without expanding gas mixtures (e.g., sulfur 
hexafluoride) may be exchanged for the fluid in the vitreous cavity 


Chapter 41 


FIGURE 41-23. A. Fundus photograph of 
the left eye demonstrating extensive retinal 
new vessels in front of the disk and prereti- 
nal hemorrhage (white arrowheads). B. Four 
weeks after panretinal argon laser photo- 
coagulation there has been a dramatic re- 
gression of retinal new vessels. Pigmented 
photocoagulation scars are present in the pe- 
riphery of the picture. (Reprinted with per- 
mission from Klein R: Management of eve 
disease in the insulin-dependent diabetic 
patient. In: MacDonald M, ed. Managing 
Diabetes Mellitus in Children and Adoles- 
cents. Saunders: 1983.) 


to tamponade the retinal tear, and the subretinal fluid may be 
drained during the operation. Scleral buckling (with hard episcleral 
silicone or sponges) may also be used to indent the sclera, reduce 
traction further, and thus seal the tear. 

In a series of patients undergoing vitrectomy, visual improve- 
ment to better than 20/200 was reported in 50% of operated cases.'** 
Michaels'™ described a series of 596 consecutive eyes with severe 
loss of visual acuity and reported a successful result (visual acuity 
of 5/200 or better and stable anatomic findings) in 384 (66%) of 
579 eyes. Successful results after vitrectomy are more likely in 
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eyes with vitreous hemorrhage alone than in eyes with traction reti- 
nal detachment involving the macular area. In the latter, the effects 
of preexisting anatomic damage to the macular area are more likely 
to limit visual improvement postoperatively. 

Vitrectomy carries with it a number of serious complications, 
which include iatrogenic retinal tears resulting in retinal detachment, 
recurrent vitreous hemorrhage, corneal edema, cataract. the devel- 
opment of neovascularization of the iris and rubeotic glaucoma. i 

Rubeotic glaucoma (secondary to neovascularization of the 
anterior chamber angle), when it occurs, usually develops within 
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FIGURE 41-24. Comparison of percentage of eyes that experienced visual loss of 15 or more letters (equivalent 
to at least doubling of initial visual angle or loss of three or more lines) in eyes with macular edema and mild to 
moderate diabetic retinopathy assigned to either immediate focal photocoagulation (dashed line) or deferral of 
photocoagulation (solid line). Z stands for normal deviate. (Reprinted with permission from ETDRS Research 


Group.®) 


6 months of vitrectomy and is more likely to arise in eyes with 
severe retinal ischemia, retinal detachment, or removal of the lens. 
Panretinal photocoagulation during (using an endophotocoagula- 
tor) or after the procedure may reduce the incidence of this serious 
complication. 

The Diabetic Retinopathy Vitrectomy Study (DRVS) assessed 
indications, risks, and benefits for early (shortly after the develop- 
ment of vitreous hemorrhage) versus late (a year) vitrectomy." 
The rationale for early vitrectomy included avoiding prolonged 
visual disability and possibly avoiding the presumed deleterious 
etfects of long-standing intraocular hemorrhage (possible acceler- 
ation of growth of fibroproliferans, exacerbation of retinal vascu- 
lar occlusive process, and a possible toxic effect of blood on the 
retina). The rationale for late vitrectomy (at least 1 year after the 
initial vitreous hemorrhage) included the possibility of sponta- 
neous resolution of hemorrhage and that with time the retinopathy 
would be stabilized and there would be fewer vision-threatening 
complications of surgery (e.g., neovascular glaucoma). The DRVS 
showed that there was a significant benefit in terms of restoring 
visual acuity by early vitrectomy in those with T1DM. 


VISUAL IMPAIRMENT 


Diabetes is an important cause of impaired vision.'"'*” It is esti- 
mated to account for 5000 new cases of legal blindness (visual acu- 
ity of 20/200 or worse in the better eye) in the United States each 
year. Blindness is 29 times more common in diabetic than in non- 
diabetic persons (Fig. 41-25). Approximately 8% of people who 
were legally blind reported diabetes as the etiology of their blind- 
ness,'** and it is estimated that in the United States, more than 12% 


of new cases of blindness are attributable to diabetes. 


Prevalence 


The prevalence of blindness in diabetic persons is related to current 
age." In the WESDR, prevalence of diabetes-related legal blind- 
ness increased with increasing age. No cases of legal blindness 
were found in persons younger than 25 years of age. The preva- 
lence of legal blindness increased in both males and females, 


FIGURE 41-25. Percentage of persons with visual acuity of 20/200 or worse 
in the better eye in the Wisconsin Epidemiologic Study of Diabetic Retinopa- 
thy, Health and Nutrition Examination Survey, and the Framingham Eye 
Study by current age. (Reprinted with permission from Klein et al.!°°) 
VISUAL ACUITY 20/200 OR WORSE IN 


BETTER EYE IN DIFFERENT POPULATIONS 


12 WESOR 
Younger Onset 


WESDR 
Older Onset 


Percent 


10 20 30 40 50 60 70 
Current Age (years) 


80 85+ 


Chapter 41 


RETINOPATHY AND OTHER OCULAR COMPLICATIONS IN DIABETES 6§ 


TABLE 41-9. Ten-Year Incidence of Blindness, Visual Impairment, and Doubling of the Visual Angle 


Blindness 
Group N T 
Younger-onset 868 1.8 
Older-onset, taking insulin 465 4.0 
Older-onset, not taking insulin 490 4.8 


Source: Moss et al.” 


reaching peaks of 14% and 20%, respectively. In the older-onset 
WESDR group, prevalence of blindness increased with increasing 
age and accounted for 1.6% in persons taking insulin and 2.2% in 
those not taking insulin. In a study in Oxford, England, in 1982, 
28% of the 188 people 60 years of age or older with known T2DM 
were visually impaired.’ The age-specific prevalence of legal 
blindness in both younger- and older-onset diabetic patients in the 
WESDR was significantly higher than those estimated for the gen- 
eral United States population in the Health and Nutrition Examina- 
tion Survey (HANES) or for all participants in the Framingham 
Eye Study (Fig. 41-25).'9*-'61.16 

In the WESDR, legal blindness was related to duration of dia- 
betes in both younger- and older-onset groups. In the younger- 
onset group, legal blindness first occurred in persons having dia- 
betes for about 15 years or more and increased from 3% in those 
with 15-19 years’ duration to 12% in persons with diabetes for 30 
or more years. In the older-onset groups, prevalence of legal blind- 
ness was lower, only reaching 7% in persons having diabetes for 
20-24 years. 

In the WESDR, diabetic retinopathy was partially or totally re- 
sponsible for legal blindness in 86% of eyes of younger-onset per- 
sons and in 33% of eyes of older-onset persons with such 
impairment. 


Incidence 


In persons 20-79 years of age with T2DM who participated in the 
University Group Diabetes Program, the 5-year incidence of legal 
blindness was 4% or less in each treatment group.'!! The incidence 
of 20/200 or worse visual acuity in either eye was 9% or less in 
each treatment group at the 5-year follow-up, and rose to about 
12% at the 12-year follow-up. Review of earlier data from diabetic 
patients attending the Radcliffe Infirmary in England provided esti- 


Doubling of the 
Visual Impairment Visual Angle 
N % N % 
832 9.4 880 9 
423 37.2 472 32. 
454 23.9 494 21. 


mates of incidence of blindness.” In diabetic patients diagnosed : 
20 years of age, the incidence of blindness was 0.1% after 10 year: 
1.6% after 20 years, and 3.5% after 30 years of diabetes. For per 
sons diagnosed at 60 years of age, the incidence of blindness wa 
1.8% after 10 years and 5.5% after 20 years of diabetes. Sjolie an 
Green'® reported an 8-year incidence of 7.6/1000 patient-years i 
males and 10.2/1000 patient-years in females with TIDM. In Ox 
ford, England, 4.8% of those with T2DM who were 60 years of ag 
or older at baseline became legally blind over a median period o 
6 years, "® 

The 10-year incidence of blindness and impaired vision in th 
WESDR are presented in Table 41-9. The older-onset group takin; 
insulin had the highest 10-year incidence of visual impairmen 
(37.2%). The estimated annual incidence of blindness reported i 
the WESDR was 3.3 per 100,000 population.'*” 

There are few studies that permit determination of trends in th 
frequency of decreased vision over time. Two studies in Englan 
compared rates of registration for blindness benefits attributed t 
diabetic retinopathy in 1985 with those recorded in England b: 
Sorsby in 1965.'**'® In Avon the rates remained unchanged ove 
this period while in Leicestershire there was a significant decrease 
In the WESDR, the cohort was reexamined 10 years after the base 
line examination.” There appeared to be a decrease in the esti 
mated annual incidence of blindness in the three WESDR diabeti: 
groups in the last 6 years compared to the first 4 years of the stud: 
(Table 41-10). The decrease in the estimated annual incidence o 
blindness is not explained by changes in the incidence of prolifera 
tive retinopathy or an increased frequency of panretinal photocoag 
ulation in the second 6-year period. Higher frequencies of foca 
photocoagulation for macular edema and lens extraction fo 
cataract in the second 6-year period of the study compared to thi 
first 4 years may explain only part of the decrease in frequency o 
blindness over time. 


TABLE 41-10. Estimated Annual Incidence of Blindness, Doubling of the Visual Angle, 
and Proliferative Retinopathy in the Periods 1980-1982 to 1984-1986 and 1984-1986 


to 1990-1992 
Older-Onset 
Younger- Taking Not Taking 
Onset Insulin Insulin 
End Point Period o % % 
Blindness 1980-1982 to 1984-1986 0.38 0.82 0.67 
1984-1986 to 1990-1992 0.05 0.14 0.37 
Doubling of the visual angle 1980-1982 to 1984-1986 1.51 3.62 1.87 
1984-1986 to 1990-1992 0.52 3.31 2.50 
Proliferative retinopathy 1980-1982 to 1984-1986 2.71 1.98 0.53 
1984-1986 to 1990-1992 3.97 3.17 1.34 


5 
Souce: Moss et al?” 
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Risk Factors for Impaired Vision 


Diabetic Retinopathy 

Eyes with more severe retinopathy have been found to be at 
higher risk of blindness. The cumulative 5-year rate of blindness 
(visual acuity of 20/200 or worse) for eyes with good vision (20/60 
or better) at the beginning of one study was 2% if retinopathy was 
not present and 15% if retinal blot hemorrhages, exudates, or both 
were present.'*” Untreated eyes in the DRS had a cumulative event 
rate of severe visual loss (less than 5/200) of 14% at 2 years, 27% 
at 4 years, and 38% at 6 years (Fig. 41-20).’ In the WESDR, the 
4-year incidence of doubling of the visual angle increased with in- 
creasing severity of retinopathy at baseline (Fig. 41-26).' In the 
WESDR, the 4-year incidence of doubling of the visual angle was 
increased in the presence of macular edema at baseline (RR 3.5, 
95% CI 1.8, 6.9 in the younger-onset group; RR 2.8, 95% CI 1.8, 
4.3 in the older-onset group taking insulin; and RR 5.6, 95% CI 
3.2, 9.6 in the older-onset group not taking insulin). 

In insulin-dependent younger-onset persons, reduction of vi- 
sion to 20/200 or worse is more likely to be due to proliferative 
retinopathy resulting in vitreous hemorrhage or retinal traction de- 
tachment involving the macular area.’! In older-onset persons, sim- 
ilar visual loss in patients with retinopathy is often associated with 
macular edema.!!'5? In both groups, macular ischemia due to 
closure of retinal capillaries in the foveal area may also result in a 
decrease of vision.'™'' 

If proliferative diabetic retinopathy is present, vitreous hemor- 
rhage from fragile abnormal new preretinal blood vessels may 
result in an acute decrease in vision. In such cases the sudden ap- 
pearance of a number of small dark floaters, a large spot obscuring 
vision, or “complete” loss of vision is described. Contraction of fi- 
brous proliferative tissue leading to traction on the macular area 
may cause distortion in vision. Traction on the retina may also 
result in retinal detachment; if the macula is involved, severe blurry 
vision and darkening of vision may result. In some diabetic pa- 
tients there may be marked fluctuations in vision due to clearing 
and recurrence of vitreous hemorrhage or macular edema. 

In older diabetic patients with macular edema, the visual 
disturbance may go unnoticed until both eyes are involved. The pa- 
tient may complain of a blur or distortion in central vision, espe- 
cially when reading. In the absence of proliferative retinopathy, pa- 
tients with diabetic maculopathy and loss of central vision are 
usually left with peripheral vision that is sufficient to navigate, 
unless glaucoma or severe cataracts are present. 


Other Risk Factors for Impaired Vision 


In addition to age, duration of diabetes, severity of retinopathy, 
higher glycosylated hemoglobin, and gross proteinuria were asso- 
ciated with increased 4-year risk of doubling of the visual angle in 
the WESDR.'*” In the UKPDS, after 9 years of follow-up, tight 
blood pressure control reduced the risk of doubling of the visual 
angle by 47%.° 


Impaired Color Vision 


Diabetic patients as a group have poorer color vision than nondia- 
betic persons. Even before the development of retinopathy, distur- 
bances in yellow-blue hue discrimination may be detected.*© With 
progression of maculopathy, manifested by edema or hard exudate, 
further deterioration in color vision is found. This has therapeutic 
significance because many patients using home blood glucose 
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RETINOPATHY, OD 
FIGURE 41-26. Four-year incidence of doubling of the visual angle by 
baseline retinopathy severity (see Table 41-1 for definitions) in the Wiscon- 
sin Epidemiologic Study of Diabetic Retinopathy in A (top panel) the 
younger-onset group, B (center panel) the older-onset group taking in- 
sulin, and C (bottom panel) the older-onset group not taking insulin. 


monitoring may have difficulty correctly interpreting results of glu- 
cose testing. If an impairment in color vision exists, use of alternate 
devices (e.g., meters with digital display of glucose concentration) 
when testing glucose should be considered. 


Other Causes of Impaired Vision 


A frequent cause for sudden change in vision, especially in chil- 
dren and adolescents with diabetes, is related to a change in a re- 
fractive medium.” In adults this may be one of the presenting 
symptoms at the time of diagnosis. The patient may complain 
of blurriness in vision, which can usually be corrected to 20/20 or 
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better with appropriate glasses. Reversible osmotic swelling of the 
lens due to rapid alterations in blood sugar has been postulated to 
be responsible for this phenomenon. With better control of the 
blood sugar, the refraction and acuity return to previous levels. 


Cataract 

Cataractous lens changes often cause a decrease in vision.” 
This affects a small percentage of young T1DM patients, but oc- 
curs more frequently than in age-matched nondiabetic persons. 
Cataracts in young diabetic patients have been described as vacuo- 
lar or snowflake in appearance, involving the cortical or posterior 
subcapsular area of the lens. In the young, rapidly progressive 
cataracts have been associated with poor control.’ It has been sug- 
gested that high glucose concentrations in the aqueous humor sur- 
rounding the lens enter lens cells and are converted to sorbitol in 
the polyol pathway.’ Sorbitol cannot leave the lens cells and so 
accumulates, leading to osmotic swelling and destruction of cells. 
The use of aldose-reductase inhibitors has been found to inhibit 
such cataract formation in poorly controlled diabetic animals. 

Prevalence rates of cataracts have been reported to increase 
with increasing age and are higher for diabetic than nondiabetic 
persons for each age.”'® The association between cataracts and di- 
abetes is stronger at younger ages. In the Beaver Dam Eye Study, 
after adjusting for age and sex, one type of cataract, cortical opaci- 
ties, was significantly more common among people with older- 
onset diabetes compared to the rest of the nondiabetic Beaver Dam 
population.'”° Posterior subcapsular cataract, another type of lens 
opacity, was more common in people with diabetes, but the increase 
was not significant in all age groups. Longer duration of diabetes 
was associated with increased odds of all kinds of cataracts. 

In the WESDR, multivariate analyses indicated that age and 
duration of diabetes were the most important risk factors for 
cataract presence. Severity of diabetic retinopathy was associated 
with a small but significant further increase in risk.'”' In younger- 
onset persons, diuretic use and glycosylated hemoglobin were also 
associated with increased risk. In older-onset persons, diuretic use, 
intraocular pressure, smoking status, and diastolic blood pressure 
were associated with increased risk of cataract. 

Burditt and Caird” found a relationship between metabolic 
control of blood sugar and the frequency of lens opacity for middle- 
aged men. In the UKPDS, there was a 34% reduction in cataract 
extraction in those in the intensive glycemic control group com- 
pared to the conventional treatment group.’ These data suggest that 
glycemic control in persons with T2DM may reduce the progres- 
sion of cataracts. Potential environmental exposures may also af- 
fect rates of cataracts. One such exposure, to aspirin, has not been 
shown to reduce the prevalence of cataracts in eyes of people with 
diabetes.'7-'74 

If a cataract causes significant visual impairment, the patient 
may no longer be able to read. Cataract extraction, if successfully 
performed, usually results in good vision with the use of glasses or 
contact lenses, assuming that concomitant retinopathy has not af- 
fected central vision. 

Cataract extraction is a frequent occurrence in people with dia- 
betes. In prevalence data from the WESDR, 3.6% of younger-onset 
and 8.7% of older-onset persons had such surgery.'”' In the Beaver 
Dam Eye Study, there were higher frequencies of past cataract sur- 
gery in people with diabetes in each age group.'”” 

Cataract surgery has been found to be associated with progres- 
sion of diabetic retinopathy in some studies. Jaffe and Burton'”® re- 
ported subsequent progression of the severity of retinopathy in the 
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operated eye of patients with nonproliferative retinopathy prior t 
cataract extraction. However, others did not find cataract surgery t 
be associated with progression of retinopathy.'”° 

Results of clinical surveys suggest that intraocular lens im 
plants may be used without excess morbidity to the eye in some d: 
abetic patients with no or early nonproliferative retinopathy." 
Straatsma and coworkers!”’ reported no difference in complica 
tions or final postoperative visual acuity level between diabetic an 
nondiabetic patients. They recommended use of an intraocular len 
only in diabetic patients 60 years of age or older with a cataract 
related decrease in vision that interfered with the patient’s activitie 
and if proliferative diabetic retinopathy or rubeosis was not pres 
ent. These lenses are now commonly used even at younger ages i 
there are no contraindications present. 


Glaucoma 

Glaucoma is a disease in which there is loss of vision or visua 
field from damage to the optic nerve fibers due to absolute or rela 
tive elevations in intraocular pressure. Two types of glaucoma 
open-angle and rubeotic, are reported to be more common in per: 
sons with diabetes.”'”® 

There is conflicting information about the relationship be- 
tween diabetes and open-angle glaucoma. Most reports describe : 
higher prevalence of ocular hypertension and open-angle glau- 
coma in diabetic than in nondiabetic persons. Additionally, pa- 
tients with open-angle glaucoma or ocular hypertension are re- 
ported to have a higher prevalence of diabetes. Data from the 
1976-1977 National Health Interview Survey indicate that dia- 
betic persons 20 years of age or older (type unspecified) reported 
substantially higher rates of glaucoma than did the nondiabetic 
U.S. population.'* In the Beaver Dam Eye Study, diabetes was as- 
sociated with a modest increase in risk of definite and probable 
glaucoma.'”* Persons in the Framingham Eye Study with intra- 
ocular pressure greater than 20 mm Hg were 2-3 times as likely 
to have diabetes as others,” although other investigators have 
failed to find this relationship. '*° 

In the WESDR, the estimated 10-year incidence of glaucoma 
in the younger-onset group was 4%, in the older-onset group not 
taking insulin it was 7%, and in those taking insulin it was 12%. In 
older-onset persons, increasing duration of diabetes was associated 
with increased risk of glaucoma.!*! 

It has been hypothesized that diabetic patients are at increased 
risk of optic nerve damage owing to vascular factors.'”” Because 
diabetic patients may be at increased risk of glaucoma, measure- 
ment of the intraocular pressure and ophthalmoscopic examination 
for changes of the cup-to-disk configuration and size is an impor- 
tant part of the ophthalmologic management of these patients. In 
patients who develop glaucoma, medical intervention is usually 
successful in preventing or retarding further field and visual loss. 

Eyes with severe ischemic retinopathy or detachment of the 
retina, or eyes that have undergone vitrectomy, are at increased risk 
of developing rubeotic glaucoma.'? Abnormal new vessels on the 
iris and in the anterior chamber angle of the eye may lead to eleva- 
tions of the intraocular pressure, severe optic nerve damage, and 
blindness with possible enucleation of the eye if it is painful. In 
some cases, panretinal photocoagulation may result in regression 
of the rubeotic vessels and control of the intraocular pressure. 
Other surgical (cyclocryotherapy and valve implants) or medical 
interventions (antiglaucoma medications, topical corticosteroids, 
and mydriatic cycloplegics) for rubeotic glaucoma are rarely suc- 
cessful in preserving vision. 
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Economic Costs of Blindness 


The economic costs associated with blindness due to diabetes have 
been estimated. Chiang and associates'* reported that the cost to 
the federal government was $12,769 for a “person-year” of blind- 
ness for a working-age American who becomes blind in adulthood; 
for those 65 years of age or older, it was $823. These estimates did 
not include output loss, reduced productivity, societal burdens of re- 
habilitation, and other nonfederal expenses. Based on the WESDR 
estimates of prevalence of blindness in 5.8 million people with di- 
agnosed diabetes in the United States in 1980 to 1982, it is esti- 
mated that the annual cost of blindness was $500 million per year. 


OPHTHALMOLOGIC MANAGEMENT 
Health Care Delivery 


Because it is possible in many cases to prevent visual loss with 
photocoagulation, and because proliferative retinopathy and clini- 
cally significant macular edema may be present before they affect 
vision, it is important to identify those diabetic persons in need of 
ophthalmologic evaluation.'*? The need for careful examination by 
ophthalmologists has been documented by Sussman and cowork- 
ers.'** They found that internists, diabetologists, and senior med- 
ical residents correctly diagnosed the presence of proliferative 
retinopathy in only 49% of patients they examined (under optimal 
conditions), whereas ophthalmologists and retinal specialists cor- 
rectly diagnosed its presence in 96% of cases. 

Guidelines have been developed and implemented that suggest 
that all diabetic patients be informed of the possible ocular compli- 
cations and of the role of the ophthalmologist in the management 
(detection and prevention) of these complications (Table 41-11).'*° 
Because it is rare for young (prepubertal) insulin-dependent pa- 
tients to develop serious vision-threatening retinopathy during the 
first 5 years of diabetes,’“'®*'™ frequent examinations by an oph- 
thalmologist need not begin until 5 years after diagnosis of dia- 
betes. For older-onset individuals, because the age of onset of dia- 


TABLE 41-11. Recommendations for Eye Case 
for Diabetic Patients 


PRIMARY-CARE PHYSICIAN INFORMS PATIENT AT TIME 
OF DIAGNOSIS OF DIABETES THAT: 

Ocular complications are associated with diabetes and may threaten sight 

Glycemic and blood pressure control reduces risk of developing 
retinopathy 

Timely detection and treatment of retinopathy may reduce the risk of 
decreased vision 


REFERRAL TO AN EYE DOCTOR COMPETENT 
IN OPHTHALMOSCOPY: 
All patients 10-30 years of age who have =5 years of diabetes 
All diabetic patients diagnosed after 30 years of age at the time of 
diagnosis or shortly thereafter 


REFERRAL TO AN OPHTHALMOLOGIST: 

All women with type | diabetes mellitus planning pregnancy within 
12 months, in the first trimester, and thereafter at the discretion of the 
ophthalmologist 

Patients found to have reduced corrected visual acuity, elevated intraocular 
pressure, and any other vision-threatening ocular abnormalities 


Source: Reprinted with permission from Klein R. Klein BEK, Moss SE: The Wiscon- 
sin Epidemiological Study of Diabetic Retinopathy: A review. Diabetes Metab Rev 
1989;5:559. 


betes is frequently uncertain and there is a higher frequency of vi- 
sion-threatening retinopathy at the time of diagnosis,'”''* regular 
periodic examinations by an ophthalmologist should begin shortly 
after diagnosis. Patients who are in poor glycemic control, are 
pregnant, or who have microalbuminuria or gross proteinuria 
should be examined by ophthalmologists, as they may be at higher 
risk for progression of retinopathy. 

Recent data suggest that diabetic patients may not be receiving 
adequate ophthalmologic care.'**'*? In the 1989 National Health 
Interview Survey, participants 18 years of age or older were asked 
if they had had a dilated eye examination in the past year.'® Only 
49% reported a dilated eye examination within a year of the inter- 
view. People with T2DM were more likely to have had a dilated 
eye examination if they were older, had a higher socioeconomic 
status, and had attended a diabetes education class. Receiving a di- 
lated eye examination was not related to race, duration of diabetes, 
frequency of physician visits for diabetes, or health insurance in 
that study. Kraft and colleagues'® identified and surveyed all pri- 
mary care physicians in Indiana using a questionnaire. Of those 
surveyed, 1058 (70%) completed the eye care-related questions. 
The investigators reported that 52% of physicians performed in-of- 
fice ophthalmoscopy, of which 90% were done through undilated 
pupils. In addition, nearly 58% of physicians reported that they re- 
ferred all of their patients with TIDM and 40% reported they re- 
ferred all of their patients with T2DM to eye care specialists. 
Physicians who had graduated earlier and those who were either 
general or family practitioners were less likely to refer their pa- 
tients to eye care specialists. 

In the WESDR in 1980-1982, only 63% of younger-onset and 
50% of older-onset diabetic persons had seen an ophthalmologist 
within the previous 2 years before the examination; 25% of 
younger- and 36% of older-onset persons had never had an oph- 
thalmologic examination.'*© It was estimated that in 1980-1982 
there were 35,000 diabetic Americans with eyes with proliferative 
retinopathy with high-risk characteristics for severe visual loss and 
230,000 with eyes with clinically significant macular edema that 
were untreated with photocoagulation. 

There are a number of possible reasons that explain the high 
rate of patients with serious retinopathy who are not under the care 
of an ophthalmologist or who have not received photocoagula- 
tion treatment.'** Physician-related factors include poor ophthal- 
moscopy skills, ophthalmoscopy through an undilated pupil, lack 
of knowledge about the benefits of photocoagulation treatment, 
and no or inadequate referral to ophthalmologists. In addition, 
there are a number of patient-related factors that explain failure to 
receive ophthalmologic care. These include the asymptomatic na- 
ture of vision-threatening retinopathy, a lack of knowledge about 
the benefits of timely detection by dilated eye examination and 
treatment with photocoagulation, lack of motivation or denial, an 
inability to pay for ophthalmologic care, a lack of time to go for 
such care, and a lack of availability or accessibility of ophthalmo- 
logic care. Findings from the WESDR showed that in persons with 
10 or more years of diabetes, in those not having a dilated eye ex- 
amination in the previous year “79% and 71% of those with Type 1 
and Type 2, respectively, reported not having had one because they 
had no problems with their eyes, and 31% and 35% reported not 
having been told they needed one. Thirty-two percent and 11% said 
they were too busy, and 30% and 12% said they could not afford an 
examination.” Persons with TIDM or T2DM were less likely to 
have had an eye examination if they did not have health insurance 
that covered such an examination.'”” 


Chapter 41 


A series of studies by Dasbach and colleagues'®’ and Javitt and 
associates? in the U.S., and Crijns'” in the Netherlands, have 
demonstrated that screening for diabetic retinopathy and obtaining 
ophthalmologic care results in significant savings in people with 
younger-onset diabetes. The analyses by Javitt and coworkers!” 
predicted an annual savings of an estimated $240.5 million and 
138,390 person-years of sight at a 60% screening and treatment 
rate implementation level. The study by Dasbach and coworkers!’ 
also found that targeting the younger-onset cohort and the older- 
onset cohort taking insulin could achieve cost savings. 

Screening programs for diabetic eye disease have thus been 
suggested to reduce blindness due to this disease.'**!°? Other pro- 
grams involve education. One such program, the National Eye 
Health Education Program (NEHEP), has been developed by the 
National Eye Institute. It is directed at patients with diabetes.'™* Its 
primary aim is to educate diabetic patients and their families re- 
garding the need for dilated eye examinations. It is hoped that the 
program will lead to a change in behavior regarding pursuing eye 
care. However, while it has the potential to have an important im- 
pact, there is also a need to develop approaches designed to deal 
with the inability of some patients without health insurance to pay 
for ophthalmologic care. 


Ophthalmologic Care 


At each visit,” the ophthalmologic examination may include re- 


fraction and measurement of the visual acuity, measurement of the 
intraocular pressure, dilation of the pupil, and examination of the 
lens by slit-lamp biomicroscopy. Retinal edema is more easily de- 
tected using slit-lamp biomicroscopy and a corneal contact lens to 
provide a magnified stereoscopic view of the retina. Sketches of the 
retina and color stereoscopic fundus photographs should be ob- 
tained to document the presence and severity of the retinopathy. 
Photographs are used to accurately document the progression of 
retinal disease. Fluorescein angiography is used when focal photo- 
coagulation treatment is considered and when the extent of retinal 
ischemia needs to be assessed. The angiograms demonstrate abnor- 
mal leakage from retinal blood vessels, which may be responsible 
for macular edema and may also demonstrate closure of small cap- 
illaries or arterioles. More highly specialized procedures, for ex- 
ample, vitreous fluorophotometry, macular recovery time meas- 
ured with nyctometry, and electrophysiologic testing, are used 
largely as experimental tools to indicate retinal functional or phys- 
iologic abnormalities due to diabetes before the appearance of 
retinopathy. 


REHABILITATION 


The visual impairment in diabetes may range from minimal 
changes in color vision to total blindness and may include periods 
of rapid or slow progression with fluctuations in vision due to re- 
current vitreous hemorrhage or macular edema. The unique prob- 
lems confronted by visually impaired insulin-taking diabetic pa- 
tients include identification of the type of insulin, determination of 
the amount of insulin in the vial, measurement of dose, and loca- 
tion of injection sites. Monitoring glucose levels using blood test 
strips and foot care become more difficult or impossible for the vi- 
sually impaired diabetic patient. A number of low-vision aids, de- 
vices for insulin administration, and aids in glucose monitoring are 
available for the visually impaired diabetic patient." Depending 
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on the degree of visual impairment, supportive rehabilitation se 
vices, including low-vision clinics, state vocational rehabilitatic 
centers, and schools for the blind, are available. Social worker 
psychologists, orientation and mobility instructors, and rehabilit. 
tion teachers working as a team are needed to develop successf 
programs. They must help in handling the anxiety, anger, guilt, di 
pression, loss of self-esteem, and difficulties in social adjustme: 
suffered by the diabetic patients with visual loss.'°”'!°® Other cu 
rent or potential systemic problems must be taken into accou! 
when planning the program. Helping the patient accept the parti. 
or complete visual loss is an essential step in planning livin 
arrangements and in developing coping strategies. 
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CHAPTER 42 


Pathophysiology of Renal Complications 


Maria Luiza Avancini Caramori 
Michael Mauer 


Diabetic nephropathy (DN) is the single most common disorder 
leading to renal failure in adults.’ The annual cost of caring for 
these patients in the United States alone exceeds $6 billion. Forty- 
four percent of patients entering end-stage renal disease (ESRD) 
programs in the U.S. are diabetic, most of whom (80% or more) 
have type 2 diabetes mellitus (T2DM).' DN develops in about 25- 
35% of patients with type | diabetic mellitus (T1DM), with a peak 
in the incidence after about around 15~20 years of disease.” Studies 
in T2DM patients from western Europe? and in Pima Indians from 
Arizona’ show nephropathy rates similar to or higher than those of 
T1DM patients. The much higher prevalence of T2DM accounts in 
part for the greater contribution of these patients to incidence of 
ESRD. Once overt DN, as manifested as proteinuria, is present, 
ESRD can be postponed, but in most instances not prevented, by 
effective antihypertensive treatment™® or careful glycemic control.’ 
Moreover, there has been a rapid and continuous increase in the 
number of diabetic patients entering ESRD programs in the last 
decade.' Thus in the last 10-15 years, there has been intensive re- 
search into early predictors of DN risk. pathophysiologic mecha- 
nisms of diabetic renal injury, and early intervention strategies. 
This chapter discusses the current knowledge of the pathology and 
pathophysiology of DN. 


Pathology 


TIDM 

The changes in kidney structure caused by diabetes are spe- 
cific, creating a pattern not seen in any other renal disease. The 
severity of the diabetic lesions is related to diabetes duration, de- 
gree of glycemic control, and genetic factors. Ultimately, renal 
dysfunction results from these progressive structural changes. 
However, the relationship between duration of T1DM and extent of 
glomerular pathology is not precise. This is consonant with the 
marked variability in susceptibility to DN such that some patients 
may be in renal failure after having diabetes for 15 years or less 
while others escape complications despite having T1DM for many 
decades. 


Light Microscopy 

The earliest renal structural change in T1DM, renal hypertro- 
phy, is not reflected in any specific changes detectable under light 
microscopy. In many patients, glomerular structure remains normal 
or near normal despite decades of diabetes.*"'° Others develop pro- 
gressive diffuse mesangial expansion seen mainly as increased 


periodic acid Schiff (PAS)-positive extracellular matrix (ECM) 
mesangial material (Fig. 42-1). In about 40-50% of patients devel- 
oping proteinuria, there are areas of extreme mesangial expansion 
called Kimmelstiel-Wilson nodules or nodular mesangial expan- 
sion (Fig. 42-2). Mesangial cell nuclei in these nodules are pal- 
isaded around masses of mesangial matrix (MM) material with 
compression of surrounding capillary lumina. Nodules are thought 
to result from earlier glomerular capillary microaneurysm forma- 
tion.'’ Although Kimmelstiel-Wilson nodules are diagnostic of 
DN, they are not necessary for renal dysfunction to develop. Early 
changes often include arteriolar hyalinosis lesions involving re- 
placement of the smooth muscle cells of afferent and efferent arte- 
rioles with PAS-positive waxy homogenous pink material. The 
severity of these lesions is directly related to the frequency of 
global glomerulosclerosis, perhaps as the result of glomerular 
ischemia. One may also detect, by light microscopy, glomerular 
basement membrane (GBM) and tubular basement membrane 
(TBM) thickening, although this is often easier seen by electron 
microscopy. Finally, usually later in the disease, there is advanced 
tubular atrophy and interstitial fibrosis, common to most chronic 
renal disorders. 


Immunofluorescence Microscopy 

Diabetes is characterized by increased linear GBM, TBM, and 
Bowman's capsule staining,!” especially for IgG (mainly IgG,) and 
albumin." This increased staining is removed only by strong acid 
conditions, consistent with strong ionic binding of these plasma 
proteins to GBM ECM constituents. The intensity of staining is not 
related to the severity of the underlying lesions. '*!? The immuno- 
fluorescence technician should not confuse these findings with 
antibasement membrane antibody disorders. Diabetic immunohis- 
tochemical ECM changes in mesangium, GBM, and TBM through 
much of the natural history of DN are primarily due to expansion 
of the intrinsic ECM components normally present at these sites, 
including type IV and VI collagens, laminin, and fibronectin.’ 
However, the exact nature of the accumulated ECM material is not 
yet known.'*'® Replacement of these ECM molecules by scar col- 
lagens is a very late event. 


Electron Microscopy 

Glomerular structure is probably normal at onset of diabetes 
and changes can be detected by morphometric measurements 
within 1.5-2.5 years after onset.” However, since the normal 
range for glomerular structures, such as GBM width or mesangial 
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FIGURE 42-1. Light photomicrographs of glomeruli from (A) a normal 
control and from (B) a TIDM patient. Note the diffuse mesangial expan- 
sion and glomerular basement membrane and Bowman's capsule thicken- 
ing in the diabetic glomerulus (periodic acid Schiff. x 400). 


FIGURE 42-2. Light photomicrographs of glomeruli in sequential kidney 
biopsies performed at baseline and after 5 and 10 years of follow-up in a 
longstanding normoalbuminuric TIDM patient with progressive mesangial 
expansion and renal function deterioration. A. Note the diffuse and nodular 
mesangial expansion and arteriolar hyalinosis in this glomerulus from this 
patient who was normotensive and normoalbuminuric al the time of this 
baseline biopsy, 21 years after diabetes onset. The glomerular filtration rate 
(GFR) was reduced to 74 mL/min/1.73 m? (periodic acid Schiff, X400). B. 
5-Year follow-up biopsy showing worsening of the diffuse and nodular 
mesangial expansion and arteriolar hyalinosis in this now microalbumin- 
uric patient with declining GFR (59 mL/min/1.73 m°) (periodic acid Schiff, 
x400). C. 10-Year follow-up biopsy showing more advanced diabetic 
glomerulopathy in this now proteinuric patient with further reduced GFR 
(29 mL/min/1.73 m°). Note also the multiple small glomerular probably ef- 
ferent arterioles in the hilar region of this glomerulus (periodic acid Schiff, 
X400), and in the glomerulus in Fig. 42-2A. (Used with permission from 


Caramori et al.) 


fractional volume [Vv(Mes/glom)] is quite wide, it may take time 
for some individuals to progress from the normal to the abnormal 
range. Others develop lesions so rapidly as to result in overt DN in 
as little as 10 years. However, glomerular changes of longstanding 
diabetes are always discernible by direct comparison with mea- 
sures from the patient's nondiabetic identical twin.” Using mor- 
phometric techniques, the first measurable change is thickening of 
the GBM (Fig. 42-3).'? TBM thickening parallels GBM thicken- 
ing.'*”° Increase in the relative area of the mesangium may be- 
come measurable by 4-5 years (Fig. 42-4). Vv(Mes/glom) in- 
creases from about 0.2 in the normal state to about 0.4 when 
proteinuria begins, and 0.6-0.8 in patients with a glomerular filtra- 
tion rate (GFR) about 40-50% of normal. In the largest study per- 
formed so far, 66 nonproteinuric patients with TIDM duration of 
at least 10 years (mean of 21 years) were divided on the basis of 
their albumin excretion rate (AER) into 4 groups: group I, 33 nor- 
moalbuminuric patients (AER <15 g/min); group Il, 11 low-level 
microalbuminuric patients (AER 15-30 g/min); group III, 13 mi- 
croalbuminuric patients (AER 31-70 g/min); and group IV, 9 mi- 
croalbuminuric patients (AER 71-150 g/min). Glomerular struc- 
tural parameters were compared to 52 age- and gender-matched 
normal controls, All parameters of glomerulopathy were abnormal 
in the normoalbuminuric group, although approximately one-half 
of the patients fell into the normal range (Fig. 42-5). Note that in 
many of group I (normoalbuminuric) patients, Vv(Mes/glom), the 
structural parameter most closely related to renal functional distur- 
bances in diabetes? (see below), overlapped with patients in the mi- 
croalbuminuric groups (groups III and IV), and in some instances 
approached levels regularly associated with overt DN. Note also 
that several of the normoalbuminuric patients (group 1) with 
Vv(Mes/glom) above the normal range had reduced GFR, hyper- 
tension, or both (Fig. 42-5A). Evaluating patients with shorter dia- 
betes duration { 10.8 (7.5-19.2) years [median (range)]}, Berg and 
associates?" found greater GBM width and MM fractional volume 
[Vv(MM/glom)] in 36 normoalbuminuric adolescents than in nor- 
mal controls, but did not report an increase in Vv(Mes/glom). 
Østerby, using pooled data from several studies from her laborato- 
ties,'° also described an increase in GBM width in normoalbumin- 
uric TIDM patients with a mean diabetes duration of 12 years. 
Vv(Mes/glom) was similar in controls and normoalbuminuric pa- 
tients in these studies and the different results are best explained by 
the marked differences in duration of diabetes in the normoalbu- 
minuric patients. 


FIGURE 42-3. Electron photomicrographs of GBM from normal control 
(A) and from TIDM patient (B) (X 11,000). Note the thickening of the 
glomerular basement membrane in the diabetic patient, 
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(B) (X3900). Note the increase in mesangial matrix and cell content, the GBM thickening, and the decrease in the 


capillary luminal space in the diabetic patient. 


There is, however, general consensus that on average, micro- 
albuminuric patients have increased GBM width and Vv(Mes/glom) 
compared to normoalbuminuric patients***-™* and controls.*?** 
However, all studies have shown wide ranges of glomerular struc- 
ture among type | microalbuminuric patients. Thus GBM width 
ranges from the upper limits of normal to markedly increased. 
Moreover, there is no significant increase in GBM width (Fig. 42- 
5B) in patients with different levels of microalbuminuria.” The 
same is true for Vv(Mes/glom) (Fig. 42-5A), where values in micro- 
albuminuric patients in groups III and IV ranged from the upper lim- 
its of normal" to levels which overlapped those of patients with pro- 
teinuria (unpublished observations). Patients in groups III and IV 


had greater Vv(Mes/glom) values (Fig. 42-5A) than patients with 
lower levels of increased AER (15-30 g/min; group II) or normo- 
albuminuric patients (group I), while group I and II overlapped 
completely.” Østerby"? found some microalbuminuric patients 
with Vv(Mes/glom) in the normal range. This was also found to be 
true? when patients with AER in the range of 15-30 g/min were ex- 
amined (group II; Fig. 42-5A). However, at higher levels of microal- 
buminuria, Vv(Mes/glom) was increased in virtually all patients. 
Also, we found that patients with AER above 30 g/min had a rela- 
tively high incidence of hypertension, decreased GFR (<90 mL/ 
min/1.73 m`), or both." Nonetheless, even among these patients, the 
range of Vv(Mes/glom) was quite wide, and the values in these 


FIGURE 42-5. A. Mesangial fractional volume [Vv(Mes/glom)] in the 4 groups of patients. Group 1, normoalbu- 
minuric; group II, AER 15-30 g/min; group IIT, AER 31-70 g/min; and group IV., AER 71-150 g/min. The 
shaded area represents the mean + 2 SD in a group of 52 age-matched normal control subjects. Normal BP and 
GFR (solid circles); reduced GFR (<90 mL/min/1.73m*: open circles); hypertension (= 140/85; open squares); 
and reduced GFR and hypertension (circle within square). *p < 0.005 versus groups I and II. B. GBM width in 
the 4 groups of patients. The shaded area represents the mean + 2 SD in a group of 52 age-matched normal con- 
trol subjects. Normal BP and GFR (solid circles); reduced GFR (<90 mL/min/1.73m*; open circles); hyperten- 
sion (=140/85; open squares); and reduced GFR and hypertension (circle within square). *p < 0,005 versus 
groups I and II. (Borh A and B reprinted with permission from Fioretto et al.*) 
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microalbuminuric patients overlapped with those of normoalbumin- 
uric patients (Fig. 42-5A). The presence of serious diabetic glomeru- 
lar lesions in some normoalbuminuric patients suggests that altered 
glomerular permeability to proteins is not a necessary precondition 
for the development of these lesions. Moreover, it is unlikely that es- 
tablished diabetic glomerular lesions are of little prognostic value in 
normoalbuminuric patients. On the contrary, preliminary studies in- 
dicate a greater risk of progression in normoalbuminuric patients 
with more advanced lesions.”° 

Qualitative and quantitative changes in the renal interstitium, 
the extravascular intertubular compartment with its cellular ele- 
ments and extracellular substances and spaces, are observed in pa- 
tients with various renal diseases. Interstitial fibrosis is character- 
ized by an increase in ECM proteins and cellularity.”° Preliminary 
studies suggest that the pathogenesis of interstitial changes in DN 
is different from the MM, GBM, and TBM changes. Initial obser- 
vations indicate that for all but the later stages of the disease, GBM, 
TBM, and MM changes represent the accumulation of basement 
membrane ECM material, while early on, interstitium expansion is 
largely due to cellular alterations. Only later, when GFR is already 
compromised, is interstitial expansion associated with increased 
interstitium fibrillar collagen and peritubular capillary loss.” Thus 
currently available data support the concept that interstitial changes 
are late contributors to the progressive decline in GFR that follows 
the initial development of serious glomerular and vascular DN le- 
sions. These conclusions emanate from the following preliminary 
observations: cortical interstitial composition in patients with 
TIDM with mild interstitial expansion {cortical interstitial frac- 
tional volume [Vv(Int/cortex)] of =1.5 times normal} demon- 
strates a relative increase in the cellular component of interstitium, 
while a relative increase in collagen fibrils is seen only when 
Vv(Int/cortex) is about twice normal and patients already have de- 
creased GFR.” This is in contrast to early mesangial expansion, 
where increased mesangial matrix fractional volume [Vv(MM/ 
glom)] dominates.” Studies”? also show that early GBM, TBM, 
and mesangial changes are correlated to glycemia, while early in- 
terstitial changes are not. These differences between glomerular 
and interstitial changes in TIDM patients may reflect different 
pathogenetic processes. 


T2DM 

The rate of development of DN lesions is less clear in patients 
with type 2 compared with patients with type | diabetes, since with 
the exception of the Pima Indian studies,” duration is usually not 
precisely established in these patients. Nonetheless, GBM width 
and Vv(Mes/glom) are increased in long-term normoalbuminuric 
Caucasian,” Japanese,*' and Pima Indian”? T2DM patients. As in 
T1DM patients, there is considerable overlap with normal controls, 
and some normoalbuminuric T2DM patients have relatively ad- 
vanced glomerular lesions.™”! Thus, as is true for T1DM patients, 
there is a structural basis for explaining the progression to micro- 
albuminuria and proteinuria among some normoalbuminuric 
T2DM patients. Whether normoalbuminuric T2DM patients with 
more advanced diabetic renal lesions are at greater risk of progres- 
sion needs to be determined. In Pima Indians, glomerular structure 
was no different in microalbuminuric compared with normoal- 
buminuric patients with long duration, while microalbuminuric pa- 
tients had more advanced glomerulopathy than normoalbuminuric 
patients with short duration. These results might explain the obser- 
vation that some long-term normoalbuminuric patients are at high 
risk of progression. Further, as discussed below, there are more 


varied renal structural patterns and patterns of functional progres- 
sion among microalbuminuric, and perhaps proteinuric, patients 
with type 2 as compared with patients with type 1 diabetes, and the ul- 
timate clinical course of these patients remains to be fully described. 

A light microscopy study of 34 unselected microalbuminuric 
T2DM patients found that 10 (29.4%) had normal or near normal 
renal structure,” a finding uncommon in T1DM. Ten patients had 
renal structural changes typical of those seen in type 1 diabetic pa- 
tients with more or less balanced severity of glomerular, tubulointer- 
stitial, vascular, and global glomerulosclerosis lesions. However, 14 
(41.2%) had atypical patterns of renal injury with absent or only 
mild diabetic glomerular changes associated with other dispropor- 
tionately severe renal structural changes, including important tubu- 
lointerstitial lesions with or without arteriolar hyalinosis and with or 
without increased global glomerular sclerosis. Patients with prolif- 
erative retinopathy all had typical and well-established DN lesions. 
None of the patients without retinopathy had typical lesions. How- 
ever, background retinopathy could be associated with any of the 
three structural categories defined above. These studies were con- 
firmed by electron microscopy observations,” showing that micro- 
albuminuric T2DM patients more frequently had electron micro- 
scopy morphometric glomerular structural measures in the normal 
range and, as a group, had less severe lesions than microalbuminuric 
T1DM patients. Many of these observations have been confirmed in 
Japanese type 2 diabetic patients.*' On the other hand, Pima Indian 
type 2 diabetic patients, who are known to be at very high risk of 
ESRD, appear to have lesions more similar to those seen in type | di- 
abetic patients.” Also, proteinuric type 2 diabetic patients had elec- 
tron microscopy appearances consistent with typical diabetic 
glomerulopathy, with an increase in Vv(Mes/glom) and Vv(MM/ 
glom) together with GBM thickening.” Interstitial expansion was 
also observed when these patients were compared to nondiabetic 
controls.** Similar results were seen in an earlier study that included 
proteinuric type 2 Japanese diabetic patients.” Moreover, there are 
reports that type 2 diabetic patients have an increased incidence of 
nondiabetic lesions, such as proliferative glomerulonephritis and 
membranous nephropathy, but this is most likely because biopsies 
were done in atypical cases. When biopsies are performed for 
research purposes, the incidence of other definable renal diseases is 
very low (<5%) 77° 

It is currently unclear why some studies show more structural 
heterogeneity in type 2 than in type 1 diabetes*°?! while others 
do not.***5 Whether this is due to differences in patient popula- 
tions, or to other as yet unknown variables remains to be deter- 
mined. However, this is an important question since the rate of pro- 
gression towards ESRD in T2DM appears to be at least in part 
related to the severity of the classic changes of diabetic glomeru- 
lopathy (see below). 


STRUCTURAL-FUNCTIONAL RELATIONSHIPS 
IN DIABETIC NEPHROPATHY 


TIDM 


Expansion of the mesangium, mainly due to ECM accumulation, is 
believed to ultimately reduce glomerular capillary luminal space, 
decreasing glomerular filtration surface and GFR. Vv(Mes/glom) 
is a good predictor of GFR in type | diabetic patients, and it is also 
related to AER levels and hypertension.” The total peripheral capil- 
lary filtration surface per glomerulus [Sv(PGBM/glom)] is directly 
correlated with GFR (Fig. 42-6) and inversely correlated with the 
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FIGURE 42-6. Relationship between capillary filtration surface area per 
glomerulus and creatinine clearance (r = 0.78, p < 0.001). (Reproduced 
with permission from Ellis et al.) 


degree of mesangial expansion (Fig. 42-7). The thickness of the 
GBM is directly related to AER, but increasing albuminuria ap- 
pears to be related to increasing mesangial expansion (Fig. 42-8) 
and not to other structural changes.” Percentage of global 
glomerulosclerosis and interstitial expansion are also correlated 
with the clinical manifestations of DN (proteinuria, hypertension, 
and declining GFR). Progressive tubular atrophy, interstitial fibro- 
sis, glomerular arteriolar hyalinosis, arteriosclerosis, and glomeru- 
losclerosis are also important components of DN that probably 
contribute to the reduction in GFR independently from the 
glomerular lesions. Finally, larger-vesse] atherosclerosis, perhaps 
especially in T2DM, may lead to ischemic renal tissue damage. In 
type 1 diabetic patients, these lesions tend to progress more or less 
in parallel, while in type 2 diabetic patients this is less often the 
case. As already mentioned, preliminary observations suggest that 
longstanding normoalbuminuric type l diabetic patients who 
progress to DN have more advanced glomerular lesions than pa- 


FIGURE 42-7. Relationship of Vv(Mes/glom) expressed as percentage of total 
mesangium and S/V of the peripheral capillary surface or Sv(PGBM/glom) 
(r = —0.86, p < 0.0005). (Reproduced with permission from Mauer et al.”) 
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FIGURE 42-8. Correlation between the change in mesangium fractional 
volume [Vv(Mes/glom)] and the change in albumin excretion rate (AER) 
over 5 years (r = 0.642, p < 0.05). (Reproduced with permission from 
Fioretto et al.” ) 


tients that remain normoalbuminuric after long-term follow-up.”° 
In this preliminary 5- to 17-year follow-up study of normoalbumin- 
uric patients with longstanding diabetes, patients progressing to 
microalbuminuria or proteinuria had worse glomerular lesions at 
baseline than those who remained normoalbuminuric, but these 
findings are as yet unconfirmed. In longitudinal studies of microal- 
buminuric type 1 diabetic patients Bangstad and colleagues”? 
found that GBM width at baseline biopsy was predictive (r° = 
0.67; p < 0.0001) of AER after 6 years of follow-up, whereas 
Vv(Mes/glom) was a significant but less precise predictor. 
Changes in interstitium also correlate with functional changes, 
and interstitial expansion has generally been accepted as the best 
histologic correlate of renal function in glomerular diseases.?° 
Studies have shown that both GFR and serum creatinine at the time 
of biopsy best correlate with Vv(Int/cortex), while the degree of 
renal dysfunction may not reflect the severity of glomerular pathol- 
ogy.” However, as discussed below, this may depend on how care- 
fully glomerular pathology is measured. Thus, in 96 type 1 diabetic 
patients with GFR ranging from normal to 45 mL/min/1.73 m° 
(35 with reduced GFR) and AER from normal to proteinuria 
(34 with proteinuria), the correlation of Vv(Intcortex) and 
Vv(Mes/glom) was only 0.38 ( p < 0.01). Both Vv(Int/cortex) (r = 
0.49, p < 0.001) and Vv(Mes/glom) (r = 0.41, p < 0.001) corre- 
lated inversely with GFR, and were additive in stepwise multiple 
regression analyses (r = 0.55, p < 0.001).*! In type | and type 2 di- 
abetic patients with overt DN the rate of progression in interstitial 
fibrosis in the 4-year follow-up biopsy correlated with the rate of 
GFR decline. However, in type 1 diabetic patients at earlier 
stages of DN (normoalbuminuria and microalbuminuria), increas- 
ing AER correlated with increasing Vv(Mes/glom) in sequential 
biopsies performed 5 years apart, while Vv(Int/cortex) remained 
constant.” These studies support the view that structural-func- 
tional relationships in DN may change as the disease evolves. 


T2DM 


The structural-functional relationships are less clear in type 2 dia- 


betes. Some studies show weaker structural-functional relation- 


ships? 03 while others reported more typical structural-functional 
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relationships in microalbuminuric and proteinuric type 2 diabetic 
patients.” Vv(Mes/glom) and Vv(MM/glom) were correlated 
with GFR and proteinuria, while GBM width correlated only with 
proteinuria,***> in a fashion similar to type | diabetic patients.*! 
Also, as described in type 1 diabetic patients,*! multiple regression 
analysis found that GFR was related to both mesangial and intersti- 
tial lesions in type 2 diabetic patients.** One study argued that the 
underlying pattern of renal injury does not predict the rate of GFR 
decline among a Caucasian cohort of proteinuric type 2 diabetic 
patients.** In contrast, a large 4.3-year follow-up study of an- 
giotensin converting enzyme (ACE) inhibitor-treated Caucasian 
microalbuminuric and proteinuric type 2 diabetic patients found 
that patients with more rapid GFR decline had greater Vv(Mes/ 
glom) and GBM width at baseline.“ Also, after 2 years of follow- 
up of microalbuminuric and proteinuric type 2 diabetic patients, all 
with typical glomerulopathy, increase in the Vv(Int/cortex) was 
correlated with changes in proteinuria over the same interval.” 
Thus, as suggested above, it is reasonable to conclude that 
glomerular lesions are key to the early functional changes of DN, 
white interstitial and vascular changes may become increasingly 
important in determining the rate of progression of the disease 
from established nephropathy to ESRD. 


PATHOGENESIS OF DIABETIC NEPHROPATHY 


Glycemic Control 


Although important modulating factors may exist, DN is secondary 
to the long-term metabolic aberrations found in diabetes, and expo- 
sure to elevated glucose levels appears central to the expression of 
this disorder. Studies in TIDM and T2DM found that improved 
glycemic contro] could reduce the development of DN. The Dia- 
betes Control and Complications Trial (DCCT) demonstrated that 
the risk of microalbuminuria in type | diabetic patients was de- 
creased by strict glycemic control.” This study did not show an ef- 
fect of improved glycemic control in the progression from micro- 
albuminuria to proteinuria, although the study may have had limited 
power to demonstrate this. The beneficial effects of this 6.3 years 
of intensive treatment could still be observed 4 years after the end 
of the study.” The United Kingdom Prospective Diabetes Study 
(UKPDS) also demonstrated a decreased incidence of DN after 
10 years of intensive glycemic control in recently diagnosed type 2 
diabetic patients.** Moreover, a 5-year randomized clinical trial in 
48 type 1 diabetic kidney transplant recipients demonstrated that 
the development of one of the earliest diabetic renal lesions, in- 
creased Vv(MM/glom), was prevented by strict glycemic control.” 
Also, intensive insulin treatment for 26-34 months decreased the 
rate of GBM thickening and increase in Vv(MM/Mes) and matrix 
star volume in a controlled trial in 18 microalbuminuric type 1 dia- 
betic patients.°° Finally, regression of established diabetic glomeru- 
lar lesions has been demonstrated in the native kidneys of 8 type 1 
diabetic patients with 10 years of normoglycemia induced by suc- 
cessful pancreas transplantation (Fig. 42-9 and Fig. 42-10).°! 
These studies strongly suggest that hyperglycemia is not only nec- 
essary for DN lesions to develop, but is also necessary to sustain 
established lesions. Alleviation of hyperglycemia allows reparative 
mechanisms to be expressed which ultimately result in healing of 
the original diabetic glomerular injuries. Studies evaluating the 
brain-type glucose transporter (GLUT-1) in animals reinforce the 
pathogenic role of glycemia on the development of DN. High glu- 
cose can increase GLUT-1 expression and glucose transport activ- 
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FIGURE 42-9. (A) Thickness of the glomerular basement membrane. (B) 
thickness of the tubular basement membrane, (C) mesangial fractional vol- 
ume, and (D) mesangial matrix fractional volume at baseline and 5 and 10 
years after pancreas transplantation. The shaded areas represent the normal 
ranges obtained in 66 age- and gender-matched controls (means + 2 SD). 
Data for individual patients are connected by lines. (Reproduced with per- 
mission from Fioretto et al.) 


ity in rat mesangial cells.” These effects are mediated by trans- 
forming growth factor-B (TGF-B).*? Rat mesangial cells trans- 
duced with human GLUT-1 and overexpressing GLUT-1 protein 
showed increased glucose uptake and ECM synthesis, even in nor- 
mal glucose concentration.’ The mechanisms involved in the 
glomerular injury caused by hyperglycemia will be discussed in 
detail Jater. 


Hemodynamic Mechanisms 


Berkman and Rifkin? described a diabetic patient with uni- 
lateral renal artery stenosis and marked diabetic lesions in the kid- 
ney exposed both to hypertension and diabetes, while the contralat- 
eral kidney, protected from hypertension by the narrowed renal 
artery, had only ischemic changes. A model of unilateral renal 
artery stenosis in diabetic rats°° seemed to confirm this human 
observation, although hypertensive and diabetic changes were not 
differentiated in this study. Insulin-treated diabetic rats have 
glomerular hyperfiltration explainable by increased single nephron 
GFR, which is due to increased single nephron blood flow and, 
inthe Miinich-Wistar rat strain, increased glomerular capillary 
pressure.” Thus alterations in intraglomerular hemodynamics 
could influence the rate at which diabetic lesions develop. Some 
studies reported that glomerular hyperfiltration was a risk factor 
for the development of microalbuminuria.**"? However, there is 
still controversy as to whether increased GFR is a predictor of 
progression. *! 
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FIGURE 42-10. Photomicrographs of renal biopsy specimens obtained before and after pancreas transplantation 
in a 33-year-old woman with T1DM of 17 years’ duration at the time of transplantation. Panel A shows a typical 
glomerulus from the baseline biopsy specimen, which is characterized by diffuse and nodular (Kimmelstiel-Wil- 
son) diabetic glomeruJopathy. Mesangial matrix expansion and the palisading of mesangial nuclei around the 
nodular lesions are evident. In panel B, a typical glomerulus 5 years after transplantation, shows the persistence 
of the diffuse and nodular lesions. Panel C shows a typical glomerulus 10 years after transplantation. with marked 
resolution of diffuse and nodular mesangial lesions and more open glomerular capillary lumina (periodic acid 
Schiff, x 120). (Reproduced with permission from Fioretto et al!) 


Several mechanisms have been proposed as mediators of 
diabetes-induced hyperfiltration. Increased renal tissue and uri- 
nary kallikrein levels were associated with increased GFR and 
renal plasma flow in moderately hyperglycemic diabetic rats, 
and treatment with a bradykinin B2 receptor antagonist acutely 
reduced GFR and renal plasma flow in these animals. Urinary 
kallikrein excretion was also increased in type 1 diabetic patients 
with glomerular hyperfiltration.™ The intrarenal renin-angiotensin 
system within glomeruli and proximal tubules may be activated 
by hyperglycemia, leading to increased angiotensin II production, 
which may exert feedback inhibition of systemic renin re- 
lease.“ Angiotensin Il concentration is higher in the glomeruli 
than systemically.” ACE activity is reduced in the renal cortex 
but enhanced in glomeruli and vessels of diabetic rats and 
patients,” suggesting that renal vessels and glomeruli may be reg- 
ulated differently from the tubulointerstitial renin-angiotensin sys- 
tem. The genesis of glomerular hyperfiltration has also been asso- 
ciated with increased nitric oxide (NO) generation or action, by a 
glucose-dependent mechanism.”””! The vasodilatation caused by 
increased NO could enhance the permeability to macromolecules, 
leading to albuminuria.” Furthermore, recent data have shown 
enhanced NO synthesis by endothelial NO synthase (eNOS) in 
afferent arterioles and glomerular endothelial cells in diabetic rats, 
suggesting a pivotal role of NO in preferential afferent arteriolar 
dilatation, glomerular enlargement, and functional glomerular 
hyperfiltration in the early stages of DN.” Treatment with a 
nonselective NOS inhibitor normalized GFR and plasma renal 
flow levels in diabetic rats.’ NO activity was shown to be in- 
creased in microalbuminuric versus normoalbuminuric type 1 dia- 
betic patients or nondiabetic controls, and related to GFR and 


AER.” Other studies suggest that hyperfiltration may result 
from an increased proximal tubular fluid reabsorption, and inde- 
pendent of any primary malfunction of the glomerular micro- 
vasculature. ”° 

However, one cannot explain the genesis of DN by hyperfiltra- 
tion alone. Insulin-treated diabetic rats with hyperfiltration have 
slower development of diabetic renal lesions than untreated dia- 
betic rats having worse hyperglycemia and relative hypofiltration; 
in fact, these markedly hyperfiltrating insulin- treated animals do 
not seem to develop mesangial expansion disproportionate to the 
size of the glomerulus.” Further, reduction in nephron mass in rats 
by uninephrectomy produces glomerular hemodynamic perturba- 
tions”® that are similar to diabetes,’ but does not produce the le- 
sions” that are classic for DN in animals."°*! The central lesion 
associated with hyperfiltration in rats, focal segmental glomerular 
sclerosis,** is not an important lesion in human or animal diabetes 
(see the section on pathology). It has been suggested that reduced 
glomerular number at birth may be a risk factor for progressive 
renal disease and hypertension,” One study in type 2 diabetic pa- 
tients suggested that reduced glomerular number was associated 
with increased DN risk.** However, studies in type 1 diabetic pa- 
tients do not confirm these observations. Glomerular number esti- 
mated at autopsy was decreased in type | diabetic patients only if 
ESRD was present.” No differences in glomerular number were 
found between type | diabetic patients with established DN, but 
not ESRD, and controls.** Another study, evaluating 32 type 1 dia- 
betic patients ranging from normoalbuminunia to proteinuria, and 
serum creatinine <1.5 mg/dL, corroborated these findings.*® 
Glomerular number, estimated by morphometric techniques in kid- 
ney biopsy tissue, did not correlate with functional or structural 
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parameters.*° Also, reduced nephron mass, such as in patients with 
uninephrectomy, has not been documented to produce DN lesions 
in humans. Moreover, DN lesions may not develop faster in type | 
diabetic kidney transplant recipients (single-kidney diabetic pa- 
tients) than in type | diabetic patients with their native kidneys, 
matched for diabetes duration.” These studies suggest that 
glomerular number is probably not a crucial variable in the devel- 
opment of DN, although it may be important in progression once 
clinical findings of DN are present. 

Lowering glomerular capillary pressure by long-term ACE in- 
hibitor therapy prevented the development of focal segmental 
glomerular sclerosis,** but did not prevent the GBM widening and 
increase in Vv(Mes/glom) that occurs in the first 6 months of dia- 
betes in rats.5 Thus, renin-angiotensin system blockage may not 
prevent the development of specific early DN lesions in diabetic 
animals” and this has not been tested in human diabetes. On the 
other hand, there are studies which suggest that renin-angiotensin 
system blockage may slow the rate of progression of established 
DN lesions and clinical progression in humans. The influences of 
renin-angiotensin system blockage on clinical progression of DN 
are discussed in Chap. 43. Here it is of interest to note that ACE 
inhibitor therapy prevented an increase of GBM width and per- 
haps changed Mes composition, but had no effect on Vv(Mes/ 
glom), in microalbuminuric type | diabetic patients with estab- 
lished diabetic lesions.” Cortical interstitial expansion was also 
prevented in type 1°! and type 2*° diabetic patients with already- 
increased AER. These effects may not be specific to ACE inhibi- 
tion, as B-blocker therapy in these studies showed similar effects 
on blood pressure and lesions.”’°! Taken together these studies 
could support the hypothesis that hemodynamic abnormalities 
may be more important in influencing the progression of estab- 
lished DN lesions than in serving as the genesis of these structural 
changes. Thus, occlusion of glomerular capillaries or restriction of 
filtration surface within nonsclerosed glomeruli, as a consequence 
of advanced diabetic renal lesions, could cause compensatory 
enlargement of remaining glomeruli associated with increased 
intraglomerular pressures and flows and permselectivity alter- 
ations. Such abnormal hemodynamic forces could accelerate 
disruption of the residual glomeruli, thus contributing to a destruc- 
tive cycle that promotes progressive tissue injury and loss of renal 
function.*? 

Although we are arguing that a case has not been made that 
currently allows acceptance of the hypothesis that hemodynamic 
abnormalities are responsible for the genesis of the early lesions of 
DN, it is nonetheless possible that manipulations which can affect 
glomerular hemodynamics might also affect the development of 
early diabetic renal lesions through other than hemodynamic influ- 
ences. For example, the renin-angiotensin system could mediate 
renal growth responses and renal ECM production and turnover. 
Angiotensin II stimulates in vitro mesangial cell proliferation and 
fibronectin synthesis.” Also, the glucose- stimulated increase in 
mesangial cell collagen production could be blocked by 
enalapril." Further, increased glomerular mRNA expression for 
ECM components including a, chains of type I [a,(I)], II 
[a ,(1II)], and IV [c,(IV)] collagens, and laminin B, were attenu- 
ated by ACE inhibitor therapy in streptozocin diabetic rats.” Cap- 
topril inhibits the 72-kd and 92-kd matrix metalloproteinases 
(MMP-2 and MMP-9, respectively), two distinct type IV collage- 
nases,”° thus favoring ECM accumulation. However, lisinopril, a 
nonsulfydryl ACE inhibitor, inhibited these MMPs only at concen- 


trations 100 times those of captopril.”® Further, zinc could reverse 
the inhibitory effect of captopril on metalloproteinases, arguing 
against a renin-angiotensin system-dependent effect.” Thus drugs 
affecting the renin-angiotensin system might also impact ECM 
dynamics and thereby renal structure in diabetes. However, the 
mechanisms of action of these agents appear complex, are incom- 
pletely understood, and may in part be independent of the renin- 
angiotensin system. TGF-B expression may also be regulated in 
parallel with renin.” Thus increased juxtaglomerular apparatus 
prorenin production may be associated with other increased juxta- 
glomerular apparatus activities such as TGF-B production, and the 
latter has been linked to glomerular ECM abnormalities in dia- 
betes” (see below). Thus glomerular hyperfiltration could promote 
ECM accumulation by increases in the expression of TGF-B, and 
this might be modeled in vitro by the mechanical stretching of 
mesangial cells." 


Genetics 


Genetic predisposition appears to be the most important determi- 
nant of DN risk in both TIDM and T2DM. Differences in the 
prevalence of DN in different patient populations support this 
view.''°!-'©? Moreover, only about one-half of patients with poor 
glycemic control develop DN,'®” while some patients do so despite 
relatively good control, findings consistent with genetically modu- 


lated risk. 


Familial Clustering of Diabetic Nephropathy 

Since the first report about 10 years ago,'™ genetic predisposi- 
tion to DN has been suggested in multiple cross-sectional studies 
in type 1!°5!°6 and type 2'°7-''® siblings concordant for diabetes. 
There is a large difference (300-—800%) in the cumulative risk of 
DN between siblings of probands with or without DN, and some of 
the data are consonant with a major gene effect, with an autosomal 
dominant mode of inheritance.'”° 


Familial Studies of Blood Pressure, 

Cardiovascular Disease, and 

Diabetic Nephropathy 

An association between DN and predisposition to hypertension 
and cardiovascular disease has also been suggested by some,'!'"''® 
but not all'’” studies. Higher blood pressure values were observed 
in parents of proteinuric patients with TIDM,''' while a higher 
prevalence of hypertension has been described in parents of pro- 
teinuric and microalbuminuric type | diabetic patients.''?'? Dia- 
betic patients with advanced nephropathy also had higher mean ar- 
terial blood pressures during adolescence.'!* Prediabetic blood 
pressure levels predicted AER after diabetes onset," and presence 
of hypertension in both parents increased the risk of proteinuria!’ 
in type 2 diabetic Pima Indians. The prevalence of cardiovascular 
disease and cardiovascular death was found to be significantly 
greater in the parents of type 1 diabetic patients with nephropa- 
thy,''® and a positive family history of cardiovascular disease was 
more frequent in those DN patients who had suffered a cardiovas- 
cular event. This study indicates that familial predisposition to car- 
diovascular disease increases both the risk of nephropathy and the 
tisk of cardiovascular disease in type | diabetic patients with 
nephropathy, linking the pathogenesis of DN to factors also favor- 
ing the development of atherosclerosis.''':'!*''® Recent data also 
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suggest that AER and blood pressure are heritable and linked in 
Caucasian families with T2DM.""° 


Sodium/Lithium Countertransport 

Sodium/lithium (Na*/Li*) countertransport activity is geneti- 
cally determined, and has been suggested to be related to hyper- 
tension and cardiovascular disease in nondiabetic subjects.” 
Increased Na*/Li* countertransport activity has been reported 
in diabetic patients with microalbuminuria or overt DN by 
some!!'?:!?!-!22 but not all'?* authors, albeit the later study was in 
type 2 diabetic patients. Increased Na*/Li* countertransport activ- 
ity has been described in a study of parents of proteinuric type | di- 
abetic patients,'?* although not in another.''? Na*/Li* counter- 
transport activity was similar in 44 identical twin pairs discordant 
for TIDM,!” and both values were higher than those of 44 age- 
matched nondiabetic controls. Interestingly, systolic blood pres- 
sure was higher in the diabetic twins, but nondiabetic twins and 
controls had similar blood pressure values. These findings suggest 
that raised erythrocyte Na*/Li* countertransport activity seems to 
be inherited rather than a consequence of diabetes." Raised ery- 
throcyte Na*/Li* countertransport activity was associated with a 
fourfold increased risk of development of persistent microalbumin- 
uria in type 1 diabetic patients.'”° 

Na*/Li* countertransport has parallelis with the Na*/H* an- 
tiport exchange system that is involved in the regulation of intracel- 
lular pH, cell volume and growth, and proximal tubular sodium re- 
absorption.'?” There is increased Na*/H* antiport activity in 
leukocytes"? and cultured skin fibroblasts'”*!*° of type 1 and type 
2 diabetic patients with microalbuminuria and clinical proteinuria. 
Also, since cultured skin fibroblast Na*/H™ antiport activity is 
highly correlated among siblings concordant for TIDM and for 
nephropathy lesions," and independent of environmental factors, 
it was suggested that these cultured skin fibroblast abnormalities 
are genetically regulated. 


Diabetic Nephropathy Genes 

There are ongoing searches for genetic loci related to DN sus- 
ceptibility through genomic scanning and through candidate gene 
approaches. Neither approach has yet yielded definitive results, but 
indications are that multiple genes may be involved.'*?:'? Segrega- 
tion analyses in Pima Indians suggests that a major gene effect 
with a relatively frequent disease allele is the mode of inheritance 
of DN in type 2 diabetic patients.'** Sib-pair linkage analysis in 
families of type 2 diabetic Pima Indians showed some evidence for 
linkage with DN in 4 chromosomal regions (chromosomes 3, 7, 9, 
and 20), the strongest one in chromosome 7.1 Previous studies in 
the Caucasian population have shown linkage between DN and 
chromosome 7q in type 2 diabetic patients'** and chromosome 3q 
in type 1 diabetic patients.'*’ Recent results of segregation analysis 
in Caucasian type 2 diabetic families also suggest a major gene ef- 
fect for AER.'** Several genes have been proposed as plausible 
candidates based upon the pathophysiology of DN. Genetic poly- 
morphism affecting background vascular risk in the general popu- 
lation, such as the genes related to the renin-angiotensin system, 
have been evaluated in many studies in diabetic patients. Polymor- 
phism in the ACE gene, consisting of an insertion or deletion (I/D) 
of a 287-base pair sequence has also been associated with rate of 
GFR decline in nondiabetic renal diseases. '” It is still not clear if 
ACE polymorphism is important in the genesis of DN,“ al- 
though a more recent follow-up study supports that this is so.'*° 
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There is, however, growing evidence that ACE polymorphism can 
be important in DN progression and response to ACE inhibitor 
therapy.'*~'48 In normo- and microalbuminuric type | diabetic pa- 
tients, AER appears to increase faster in patients with the II geno- 
type,’“* however these patients appear to have the best response to 
ACE inhibitor therapy.'*”'“* On the other hand, D was the risk al- 
lele for development of DN in Caucasian type 1 diabetic patients 
followed for 6 years.'** Also, the DD genotype was more frequent 
in normoalbuminuric or microalbuminuric Japanese type 2 diabetic 
patients who doubled AER or changed AER class (progressors), 
than in patients who had not progressed after 10 years of follow- 
up." Despite progression not being associated with ACE geno- 
type in Caucasian normoalbuminuric or microalbuminuric type 2 
diabetic patients," patients with II genotype (n = 11) did not de- 
crease GFR after 9 years of follow-up. Moreover, presence of the 
D allele in Caucasian type 2 diabetic patients was related to the 
presence of more severe DN lesions.'*° Other studies did not find 
associations between ACE gene polymorphism and DN™>!'5'-!57 
or rate of GFR decline'™* in type 1 or type 2 diabetic patients. One 
meta-analysis concluded that the D allele was significantly associ- 
ated with DN in a dominant model (DD + ID versus II) in both 
type 1 and type 2 diabetic patients." Another one found this asso- 
ciation to be significant only in Japanese type 2 diabetic patients, 
but not in Caucasian type 1 or type 2 diabetic patients." Different 
definitions of DN patients, different ascertainment strategies, real 
genetic differences among these populations, or selection bias 
could have accounted for the different results. 

Association with DN risk in type | or type 2 diabetic patients 
and polymorphisms in the angiotensinogen gene was found in 
some'*''® but not in all!%*!57!63!* studies. One study observed 
association between the T-allele angiotensinogen gene and elevated 
AER only when interaction with the D-allele of the ACE I/D poly- 
morphism was considered.'® Interaction between ACE and an- 
giotensinogen gene polymorphism has been previously described 
in cross-sectional’? but not confirmed in longitudinal'*> studies. A 
meta-analysis did not find association between angiotensinogen 
gene polymorphism and DN.'%° 

Two large studies did not find a role for angiotensin II type | 
receptor polymorphism in DN,'*”'8 while another found this poly- 
morphism to significantly contribute to DN risk in type 1 diabetic 
patients only when accompanied by poor glycemic control. 

Associations with DN risk have also been reported for poly- 
morphisms in the human inducible NOS (iNOS), PC-1,'7' he- 
paran sulfate proteoglycan,'”” paraoxonase 2,'’* MMP-9,' TGF- 
B,,'’> protein kinase C (PKCB),'”° and haptoglobin'”’ genes. 
Studies of polymorphisms in eNOS,'7*-!* aldose reductase, '*!-'%? 
plasminogen activator inhibithor-1,'**'** interleukin-1,'**'** apo- 
lipoprotein E,'*’-!°° GLUT-1,'°™!°” and methylenetetrahydrofolate 
reductase’**:'!** genes showed conflicting results. 

Other genes studied include hepatocyte nuclear factor 1a,” 
renin,” atrial natriuretic peptide,” a, (IV) collagen!” inter- 
leukin-1 receptor antagonist,’ G protein,”” B3-adrenergic recep- 
tor, ”! decorin,'** Wemer syndrome helicase, '"* kallikrein,” 
bradykinin BI-? and B2-°% receptors, paraoxonase 1,0% and 
insulin.” 

Thus the genetic determinants of DN risk are still not fully un- 
derstood. However, it is reasonable to hypothesize that a single 
gene with a major effect or several genes with moderate or small 
effects interacting with the metabolic abnormalities of diabetes 
may be responsible for the genetic susceptibility to DN. Further 
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research in this area is likely to lead to important new information 
regarding risk factors, pathogenesis, and treatment of DN. 


PATHOPHYSIOLOGY OF 
DIABETIC NEPHROPATHY 


The renal lesions of DN are mainly due to accumulation of ECM 
components, such as collagens, tenascin, and fibronectin,'* as well 
as other as yet undescribed molecules. ECM accumulation occurs 
early in the GBM’ and TBM,” is the principal cause of mesangial 
expansion, and also contributes to the later stages of interstitial ex- 
pansion.” This ECM accumulation is clearly secondary to an im- 
balance between synthesis and degradation of ECM components. 
However, not all renal ECM components change in parallel in DN. 
Thus, a3(IV) and a,(IV) chains persist or increase in density in the 
GBM of patients developing diabetic renal lesions, while a,(IV) 
and a,(IV) chains are decreasing in density in the peripheral capil- 
lary wall and MM in patients with rapid development of DN le- 
sions, but remain unchanged in patients with slow development of 
DN lesions despite longstanding TIDM.'*?" Thus the ECM 
changes in diabetes are highly site-specific, differing in direction in 
the GBM compared to MM, and suggesting that variables related 
to cell type (e.g., glomerular epithelial cell for GBM, mesangial 
cell for MM) are important determinants in the response to the dia- 
betic state. Moreover, these patterns of cell response may be genet- 
ically regulated. Type VI collagen, the other major glomerular col- 
lagen, is decreased in density of distribution in the endothelial 
aspect of the GBM and in MM in patients with both slow and fast 
development of DN lesions, albeit with greater reduction in the lat- 
ter.'© Thus the exact ECM component responsible for MM expan- 
sion in DN remains to be described. 

Mesangial cells cultured in high glucose concentration accumu- 
late various matrix components.” 7!” Matrix metalloproteinases 
(MMPs) have been implicated in the abnormal in vitro degradation 
of MM by these cells.7!' MMP activity is regulated at several levels, 
including gene expression, extracellular activation, and inhibition 
by specific tissue inhibitors of MMPs (TIMPs). MMPs and TIMPs 
can be modulated by protein kinase C (PKC) agonists, such as cy- 
tokines and hormones, and growth factors such as TGF-8.?'?-?!* 

The major hypotheses as to how hyperglycemia causes DN 
are: (1) increased activity of a variety of growth factors, including 
TGF-B, growth hormone (GH), insulin-like growth factor (IGF), 
vascular endothelial growth factor (VEGF), and epidermal growth 
factor (EGF); (2) activation of PKC isoforms; (3) activation of cy- 
tokines, including renin, angiotensin, endothelin, and bradykinin; 
(4) formation of reactive oxygen species; (5) increased formation 
of glycation products; (6) increased activity of the aldose reductase 
pathway, and (7) decreased glycosaminoglycan content in base- 
ment membranes (“Steno hypothesis”). The various hypotheses 
overlap and intersect with one another. Polyol pathway-induced 
redox changes or hyperglycemia-induced formation of reactive 
oxygen species could potentially account for most of the other bio- 
chemical abnormalities.?!°*'” These mechanisms, reviewed below, 
could be influenced by genetic determinants of susceptibility or re- 
sistance to hyperglycemic damage. 


Growth Factors 


This subject has recently been reviewed in detail by Flyvbjerg 
and Chiarelli and colleagues”'° and, using a similar organizational 
scheme, it is summarized here. 
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TGF-B 

TGF-B isoforms (TGF-B,, TGF-B2, and TGF-B,;), mRNA, and 
proteins and TGF-B-receptor mRNA have been demonstrated in all 
glomerular and proximal tubular cells.?°??! Glomerular mesangial 
and epithelial cells exposed in vitro to TGF-B demonstrate 
increased ECM protein synthesis, including type IV collagen, 
fibronectin, laminin, and proteoglycans, decreased synthesis of 
MMPs, and increased production of TIMPs. TGF-B, also 
stimulates glucose uptake by enhancing the expression of GLUT-1 
in mesangial cells,’ perhaps aggravating the metabolic abnormali- 
ties of diabetes. Several pathways can be involved in the elevated 
TGF-B expression in diabetes, including hyperglycemia, increased 
intraglomerular pressure, glycated proteins, PKC activation, and 
mechanical strain.”'? High glucose levels increase TGF-8, mRNA 
levels in mesangial cells” and increase synthesis of F2-iso- 
prostane, an arachidonic acid derivative, in glomerular endothelial 
and mesangial cells in vitro. Incubation of glomerular mesangial 
cells with F2 isoprostane also stimulates TGF-B production.” The 
high glucose-stimulated increase in TGF-B production by mesan- 
gial cells is blocked by an inhibitor of isoprostane production. 
These findings suggest that F2-isoprostane synthesis during dia- 
betes appears to be responsible, at least in part, for the increase in 
renal TGF-8. TGF-B-neutralizing antibodies reduce the in vitro 
rise in mesangial cell type IV collagen synthesis induced by high 
glucose levels.” Mitogen-activated protein kinases (MAPKs) and 
PKC may play an important role in the glucose-induced TGF-B- 
mediated increase in ECM production in these cells.***?"8 Thus, 
specific PKC8 inhibitors may also have a role as antagonists of the 
TGF-B system (see below). TGF-B, gene overexpression has been 
described in rat???" and human diabetic glomeruli”? ae 
Animal models of diabetes show increased TGF-B, and TGF-B, 
mRNA levels and TGF-B, and TGF-B type II receptor proteins.??! 
Glomerular ECM accumulation was observed in a nondiabetic 
transgenic mouse overexpressing TGF-B, in the glomerulus,”** al- 
though the glomerular lesions resembled but did not fully mimic 
DN lesions. Further, TGF-B8 antibodies limited the increases in 
plasma renal TGF-B,, renal TGF-8,, TGF-B type II receptor, type 
IV collagen, and fibronectin mRNA expression, prevented the in- 
crease in serum creatinine, and reduced the diabetes-associated 
renal hypertrophy and MM expansion in diabetic mice.?**??° ACE 
inhibitor (enalapril) treatment decreases TGF-B type I, II, and III 
receptors in the glomerulus, with no changes in TGF-B isoforms, 
partially prevents renal hypertrophy, and completely prevents AER 
increase in diabetic rats.7*° Thus ACE inhibitors may regulate the 
renal TGF-B system through decreases in TGF-B receptors.” In- 
terestingly, serum and urinary TGF-B, levels were no different 
between diabetic patients with or without renal impairment, and 
were similar to levels observed in patients with nondiabetic renal 
disease.” 


GH and IGF 

Diabetes leads to decreased hepatic production of IGF-] and 
the consequent decrease in the serum IGF-I results in excess GH 
secretion,”** which in turn can then stimulate local IGF-1 pathways 
in other tissues, such as the kidney. IGF-1 in vitro induces in- 
creased mesangial cell proliferation.’ Mesangial cells from 
nonobese diabetic (NOD) mice secrete increased amounts of IGF- 
1,7 and the consequent reduction in MMP-2 activity’ could lead 
to glomerular ECM accumulation. Increased kidney levels of IGF- 
l precedes renal growth in diabetic rodents. This IGF-1 renal accu- 
mulation is influenced by glycemia,” in that strict insulin therapy 
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blocks IGF-1 increase and renal hypertrophy in diabetic rats.?7 
Renal accumulation of IGF-1 is more likely to be caused by 
changes in renal IGF-1 receptors and IGF-1 binding proteins than 
by an increase in local kidney IGF-1 production.7“*° Long-acting 
somatostatin analogues™ć and GH-receptor antagonists™*7748 pre- 
vent the rise in renal IGF-1 and IGF binding protein-1 mRNA lev- 
els and renal hypertrophy in diabetic animals. An IGF-1-receptor 
antagonist prevented retinal neovascularization and VEGF increase 
in a rat model of nondiabetic retinopathy,” indicating that VEGF 
may be a downstream mediator of IGF-1 actions. This hypothe- 
sis is further reinforced by the nuclear factor kappa B (NFKB) 
stimulation by both IGF-1 and VEGF in endothelial cells in vitro. 
NF«B is involved in the upregulation of genes encoding for cyto- 
kines, growth factors such as TGF-B, and ECM proteins such as 
fibronectin.”° 


VEGF 

VEGF, a potent mitogen for vascular endothelial cells and a 
major regulator of angiogenesis, increases microvascular perme- 
ability,?>' and has been associated with proliferative retinopa- 
thy”>??53 and neoangiogenesis”™*”** in experimental and human di- 
abetes. Hypoxia is a potent VEGF stimulator.” In the kidney, 
VEGF is almost exclusively expressed in glomerular and tubular 
epithelial cells,?°”** while the VEGF type 2 receptor (VEGF-R2) 
is mainly present in glomerular and tubular endothelial cells, but 
also in interstitial cells.” In high-glucose conditions, VEGF and 
its receptors are also expressed in glomerular endothelial and 
mesangial cells.”°” Glucose stimulates VEGF expression in vitro in 
vascular smooth?” and mesangial"°'© cells, probably through the 
PKC pathway.”°'-?© TGF-B, PKC, and NO enhance VEGF expres- 
sion in cultured mesangial cells,?!876!-262.24 On the other hand, 
VEGF stimulates NO production by vascular endothelial cells 
in vitro and in vivo, but not by renal mesangial cells in vitro.”® An- 
giotensin II also stimulates VEGF in human mesangial cells.” 
Mechanical stretching of human mesangial cells in vitro induces 
VEGF production, possibly linking glomerular hemodynamic 
abnormalities in diabetes to this system. Stretch and angiotensin II 
have additive effects on increasing VEGF expression. Interestingly, 
losartan, an angiotensin IT receptor antagonist, and anti-TGF-B 
antibody, have been shown to prevent angiotensin II-induced, but 
not stretch-induced, VEGF production in human mesangial 
cells,” suggesting that angiotensin II and mechanical stretch can 
both independently induce VEGF production. Increased prolifera- 
tion of mesangial cells exposed to VEGF in vitro is inhibited by 
anti-VEGF antibody.” VEGF is increased in glomeruli in diabetic 
animals,”** and diabetic rats treated with anti-VEGF neutralizing 
antibody do not hyperfilter and have less AER increase.”°’ Plasma 
and urinary levels of VEGF are increased in microalbuminuric and 
proteinuric patients with TIDM and T2DM,7°>?*'® but no rela- 
tionship between VEGF levels and GFR decline was found in pro- 
teinuric type 1 diabetic patients followed for 3 years.”*° One study 
showed that, despite being independently correlated to microalbu- 
minuria and retinopathy, serum VEGF levels were related to 
glycemic control, and improvement in glycemia resulted in a sig- 
nificant reduction of VEGF levels.” No differences in glomerular 
VEGF mRNA levels were found in microalbuminuric and protein- 
uric type 2 diabetic patients between patients with typical or atypi- 
cal diabetic glomerulopathy.* Another study found stronger 
immunostaining of VEGF glomerular epithelial cells in type 2 dia- 
betic patients with mild versus more advanced DN or controls.”*' 
VEGF staining was markedly decreased or absent in globally scle- 
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rotic glomeruli. However, tubular VEGF staining was more inten: 
in advanced than in mild DN. This could be explained by podocy 
loss with a consequent decrease in glomerular VEGF expre 
sion.””° Indeed, as is true for neoangiogenesis in diabetic retinop: 
thy,” VEGF could also be related to increased vascularizatic 
around the glomerular pole in DN. Blood vessel growth has bee 
observed in experimental”! and human?” DN. However, the ro 
of VEGF in the pathogenesis of DN is still far from clear, and it 
uncertain whether VEGF expression is the cause of patholog 
changes, or represents a reparative response to preexisting tisst 
and functional alterations. 


EGF 

EGF is synthesized in the kidney, and mesangial, tubular, ar 
interstitial cells all have receptors for this peptide.” EGF stim 
lates in vitro tubular cell proliferation?” and thus may play a role: 
early diabetic renal hypertrophy.””* EGF strongly influences tt 
synthesis and turnover of ECM proteins, including collagens, ! 
bronectin, laminin, and glycosaminoglycans.””° In several ce 
types, EGF downregulates TGF-B receptor expression,” "7S suj 
gesting that some EGF activities are indirect. Other growth factor 
including platelet-derived, fibroblast, and nerve growth factors cé 
modulate EGF receptor activity.” The human EGF receptor- 1 
phosphorylated by PKC, reducing the affinity of this receptor fi 
EGF. Interestingly, binding of EGF to its receptor leads to fo 
mation of inositol-1,4,5-triphosphate and 1,2 diacylglycerol,?°° st 
mulating PKC and thus possibly modulating the activity of th 
system. 


PKC 


The PKC enzyme regulating Na*/K*-ATPase”*! has a role in regi 
lating cell proliferation, vascular contractility and permeabilit 
and basement membrane synthesis. PKC can be activated by di 
cylglycerol,”®” and thus by high glucose (Fig. 42-11). PKC can i1 
crease iNOS expression and regulate NO production in mesangi. 
cells.” High glucose-induced PKC activation in glomerular cel 
in vitro is followed by increased TGF-878* and MAPK” activit 
For example, the antioxidant vitamin E inhibits the glucos: 
induced increase in PKC, TGF-B, and ECM production in mesai 
gial cells in vitro, without affecting the exogenous TGF-B-induce 
increase in ECM production.” Increased type IV collagen expre: 
sion in mesangial cell in high glucose is prevented by nonspecif 
PKC inhibitors,”*° and treatment of PKC agonists can increase typ 
IV collagen expression.”®” Treatment with a PKCG inhibitor bloct 
increases in glomerular TGF-B1 mRNA, MM, GFR, and AER j 
diabetic rodents.?°”?** In another study, PKC inhibition prevente 
glomerular hypertrophy and albuminuria without affecting tt 
TGF-B axis in diabetic rats,” indicating that PKC renal effects i 
diabetes may at least in part be independent of the TGF-B axis. 


Cytokines 


As discussed above (see section on hemodynamics), there ai 
in vitro and animal model data linking the pathogenesis of DN | 
the renin-angiotensin system. 


Plasma Prorenin Levels 

and Diabetic Complications 

Renin and its inactive precursor, prorenin, are secreted into tł 
circulation from the kidney.-”’ Renin is derived almost entire! 
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from the kidney,” whereas prorenin, while primarily of renal ori- 


gin, is also produced in other sites.?’”*' In longstanding diabetes 
with microvascular complications, plasma prorenin levels tend to 
be markedly elevated, but renin levels tend to be normal or re- 
duced.?"*-"4 The pathogenesis of markedly increased plasma 
prorenin levels in diabetic patients with complications is not com- 
pletely understood but is likely of renal origin.” Followed seri- 
ally, only 1 of 20 young patients with TIDM with consistently 
normal prorenin levels developed proteinuria or retinopathy, 
whereas one or both developed in 8 of 14 patients with increased 
prorenin levels.” Daneman and associates””* studied 50 adoles- 
cents with TIDM for an average of 7 years, 25 of whom had mi- 
croalbuminuria. Prorenin was highest in the microalbuminuric pa- 
tients versus the nonmicroalbuminuric patients, and all type 1 
diabetic patients combined had higher values than controls. Most 
interestingly, the nondiabetic siblings of the microalbuminuric pa- 
tients in this study had higher prorenin values than siblings of the 
nonmicroalbuminuric type 1 diabetic patients.” In another report, 
type l diabetic patients developing microalbuminuria or protein- 
uria (progressors) had increased total renin content (which is pre- 
dominantly prorenin) as early as 10 years before onset of micro- 
albuminuria.” Increase in plasma prorenin also preceded the 
development of microalbuminuria in patients with type 1” or type 
278 diabetes. However, this was not confirmed in another study 
in patients with T2DM.”” Taken together, these studies suggest 
that elevated plasma prorenin may be an important predictor of 
progressive DN. 


Angiotensin IT 

Angiotensin II elevates blood pressure through its direct vaso- 
constrictor, sympathomimetic, and sodium-retaining (through 
aldosterone release) activities. Nonhemodynamic effects of an- 
giotensin II on renal cells may contribute to the progression of DN. 
Glucose may increase mesangial angiotensin II production? and 
angiotensin II stimulates cellular glucose uptake and transcription 
of GLUT-1,""! leading to a high intracellular glucose concentra- 
tion and its consequences. Angiotensin II also activates PKC in 
mesangial and tubular cells," and PKC can thus activate TGF-B, 
promoting mesangial” and proximal tubular’ cell proliferation. 
Angiotensin II upregulates TGF-B-receptor expression in mesan- 
gial cells in vitro, which could increase the sensitivity to exogenous 
TGF-8, enhancing TGF-B fibrogenic actions. Thus angio- 
tensin II can stimulate in vitro ECM synthesis through TGF-B 
activity in mesangial and tubular cells?" and can inhibit mesan- 
gial cell collagenase activity,*”’ reducing ECM turnover. These ef- 
fects are blocked by losartan,” an angiotensin II antagonist, and 
by saralasin," an angiotensin II competitive inhibitor. Angio- 
tensin II-receptor antagonists abolish proliferative growth of 
murine mesangial cells.*°* Angiotensin II can also stimulate VEGF 
and endothelin release (see above). Angiotensin II also activates 
NAD/NADP oxidase and induces superoxide production and 
hypertrophy by mesangial cells. Many of the angiotensin II 
actions are indirect, and dependent on TGF-8 or VEGF release. In- 
terestingly, diabetic rats deficient in angiotensin type 1 receptors 
do not show increased renal TGF-B mRNA levels, supporting 
the hypothesis that the increase in TGF-B in diabetes is mediated 
by angiotensin II.*'° The relative importance of systemically- 
derived versus locally-generated angiotensin II in the pathogenesis 
of tissue injury remains controversial.*'' (see section on hemo- 
dynamics). 


Bradykinin 

Bradykinin, the major effector molecule of the kallikrein-kinin 
system, could play a role in modulating renal hemodynamics and 
function. Since this enzyme inhibits angiotensin II formation and 
also prevents degradation of vasodilatory kinins,*!? increased 
bradykinin levels could have a protective effect on the progression of 
renal failure. Bradykinin can also increase NO levels.” Alterations 
in the kallikrein kinin system have been found in experimental*"4 
and clinical™ diabetes (see section on hemodynamics). Diabetic rats 
developing proteinuria and reduced GFR show increased serum and 
urinary levels of bradykinin compared to control animals.°'* A re- 
duction in renal kallikrein has been found in type 2 diabetic patients, 
suggesting that an impaired renal kallikrein-kinin system con- 
tributes to the development of DN.*"° Under physiologic conditions, 
most of bradykinin’s effects involve bradykinin-B2 receptors.?!* A 
bradykinin-B2-receptor antagonist had no effect on AER and 
glomerular ultrastructure [GBM width and Vv(Mes/glom)] when 
used alone or associated with an ACE inhibitor (ramipril) or an 
angiotensin II type 1-receptor blocker (valsartan) in diabetic 
rats.” This bradykinin-B2 receptor antagonist had previously 
been shown to reduce hyperfiltration™ and AER?'® in diabetic ro- 
dents. It has been suggested that changes in the kallikrein-kinin 
system induced by ACE inhibitors may contribute to the renopro- 
tective effect of these drugs. ACE inhibition reduces angiotensin II 
formation and induces bradykinin accumulation.*!” However, a 
randomized, double-blind, crossover clinical trial in 16 patients 
with TIDM did not find differences in AER, GFR, and 24-hour 
blood pressure between an ACE inhibitor (enalapril) and an angio- 
tensin II type I-receptor blocker (losartan) used for 2 months.?!? 
Both drugs reduced AER and blood pressure when compared to 
placebo. There was no effect on GFR. These studies suggest that 
the renoprotective effects of ACE inhibitors are independent of 
bradykinin, as angiotensin II type |-receptor blockers do not in- 
crease bradykinin levels. 


Endothelins 

Endothelins, potent vasoconstrictors and positive inotropic and 
chronotropic myocardial agents, increase the plasma levels of a 
number of vasoactive hormones, such as atrial natriuretic peptide, 
aldosterone, and catecholamines. They are produced and secreted 
by endothelial, epithelial, and mesangial cells.” TGF-B, an- 
giotensin, hypoxia, and hemodynamic shear forces increase en- 
dothelin synthesis by vascular endothelial cells.*?! On the other 
hand, endothelins can induce TGF-8 synthesis and stimulate 
mesangial cells, smooth muscle cells, and fibroblast prolifera- 
tion.?”?*?! High glucose levels induce endothelin-1 expression in 
rat mesangial cells,” and endothelin stimulation activates MAPKs 
[extracellular signal-regulated kinases (ERK1 and ERK2)] in a 
PKC-dependent mechanism.**? Thus PKC is necessary, but not 
sufficient, for mitogenic signaling by endothelin.** Reactive oxy- 
gen species can also enhance endothelin-] production by diabetic 
rat glomeruli, and reactive oxygen species scavengers suppress 
endothelin-1 production both in vivo and in vitro." Endothelins 
can also reduce renal blood flow and GFR.*”° Endothelin-A recep- 
tor antagonist,*”’ insulin,*** and enalapril” treatment ameliorated 
the glomerular increase of endothelin-1 mRNA in diabetic rats. Di- 
abetic rats have higher urinary endothelin-1! excretion and AER 
than controls. Administration of endothelin-A/endothelin-B,””” but 
not of endothelin-A,*”” receptor antagonist reduced AER in dia- 
betic rats. Patients with type 1 and type 2 diabetes have higher 
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urinary endothelin-1 excretion than nondiabetic controls, and uri- 
nary endothelin-1 is correlated with AER and serum albumin in the 
diabetic patients.**!**? However, lower urinary excretion and 
higher plasma endothelin-1 levels were found in type 2 diabetic pa- 
tients when compared to controls. ™?? 34 

To definitively implicate the pathways discussed above (PKC, 
TGF-B, IGF, VEGF, and others), it is important to demonstrate that 
they are involved in the genesis of typical DN lesions as defined by 
well-established electron microscopy morphometric techniques. 
The lesions studied should include mesangial expansion and GBM 
thickening. The studies should attempt to demonstrate that these le- 
sions can be caused by activation of these pathways in nondiabetic 
animals, or prevented by treatment with specific inhibitors of these 
pathways in animals or humans with diabetes. 


Oxidative Stress 


Intracellular reactive oxygen species are produced by the mito- 
chondrial electron transport chain in response to hyperglycemia. 
Indeed, reactive oxygen species may arise from multiple path- 
ways,” including (1) glucose autoxidation; (2) hydrogen peroxide 
(H202), generated from the oxidation of enediols formed from 
Amadori products; and (3) superoxide (O, ), formed by the mito- 
chondrial oxidation of NADH to NAD* or in the formation of 
prostaglandins, since prostaglandin synthase utilizes NADH (and 
NADPH) with generation of O-`. Both HO, and hydroxy] radicals 
(OH) may be derived from O,. Mitochondrial superoxide over- 
production stimulates aldose reductase activity, thus initiating the 
de novo synthesis of diacylglycerol, activating PKC. Reactive oxy- 
gen species can also initiate intracellular formation of advanced 
glycation end products (AGEs) (Fig. 42-11). Inhibitors of mito- 
chondrial electron transport and manganese superoxide dismutase, 
an enzyme that leads to reactive oxygen species scavenging in mi- 
tochondrial matrix, have been shown to inhibit the production of 
reactive oxygen species secondary to hyperglycemia. These agents 
also prevent high glucose-induced PKC and NFkB activation, 
methylglyoxal-derived AGE formation, and sorbitol accumulation 
through the polyol-pathway. This strongly suggests that reactive 
oxygen species are not only necessary for the damage caused by 
hyperglycemia, but they can also be the link between the several 
pathophysiologic hypotheses for DN. Methylglyoxal, the most re- 
active dicarbonyl AGE-intermediate in crosslinking of proteins, 
can regenerate reactive oxygen species in the course of glycation 
reactions.*** Jn vitro studies demonstrated that the antioxidant vita- 
min E blocks the high glucose-induced increase in PKC, and TGF- 
B bioactivity, as well as collagen and fibronectin synthesis in 
mesangial cells.7°* Taurine, another antioxidant, also inhibits the 
activation of PKC and the increase in TGF-B in response to high 
glucose levels.” In contrast, vitamin E did not alter the mesangial 
cell increase in matrix protein synthesis induced by TGF-B.7** 
However, treatment of diabetic rats with antioxidant agents shows 
controversial results. Diabetic rats treated with selenium and vita- 
min E’ or nitecapone, another antioxidant,**® showed reduction 
of AER, hyperfiltration, and glomerular lesions. Intraperitoneal in- 
jection of vitamin E also prevented glomerular increase of diacyl- 
glycerol content, PKC activity, and filtration rate and fraction, and 
improved AER in diabetic rats.**” However, another study found 
less proteinuria, albuminuria, glomerular hypertrophy, glomeru- 
losclerosis, and tubulointerstitial fibrosis, and preserved glomeru- 
lar type IV collagen staining in taurine-treated animals, while vita- 
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min E-treated animals had extremely high mortality and 
renal lesions.*“° Both taurine*™*! and vitamin E743 had prev 
been shown to reduce collagen accumulation in rat mesangia 
exposed to high glucose. 
Oxidative stress is increased in diabetes.**? The debat 

been whether oxidative stress has a primary role in the patho 

sis of diabetic complications, occurring at early stages in dia 

or whether it is merely a consequence of tissue damage, refle 

the presence of complications.” Skin fibroblasts from type 
betic patients with DN do not show the expected increase in ; 

ity and mRNA expression of the antioxidant enzymes, catalas 
glutathione peroxidase, when exposed to a high-glucose conc 

in vitro,**> while no differences between type | diabetic pat 
with DN and diabetic patients without nephropathy, nondia 
nephropathic patients, and normal controls were observed \ 
skin fibroblasts were cultured in normal-glucose conditions. ( 
lase promotes the transformation of hydrogen peroxide to ox: 
and water, and glutathione peroxidase reduces peroxide and st 
oxide levels. Glutathione peroxidase requires a high cellular | 
of reduced glutathione to be effective. Lipid peroxidation indi 
by exposure to high glucose was also more pronounced in cel. 
type 1 diabetic patients with DN. These findings suggest tha! 
creased oxidative stress in type 1 diabetic patients with DN is a 
ciated with a decreased response of antioxidant enzymes to ł 
glucose. Recent studies have demonstrated increased oxida 
stress in families of type 1 diabetic patients,*“° suggesting tha 
abnormal redox state could even precede diabetes onset. Inter 
ingly, erythrocyte glutathione content is correlated to Na*/H* 
changer (NHE) activity,“ linking oxidative stress to an i 
transport system associated with DN risk. 

_ There is an association between oxidative stress, alte 
NO production and action, and endothelial dysfunction.*** 
Endothelium-derived NO is a potent vasodilator that also has ; 
tiatherogenic properties, including decreased platelet and leul 
cyte adhesion to the endothelium, and inhibition of smooth mus: 
cell migration.*°° Endothelial NO synthesis can be stimulated 
shear stress and pulsatile vessel stretching, *>! hypoxia,” and 
agonists such as acetylcholine and bradykinin.” Exposure to hi 
glucose concentrations increases eNOS gene expression and N 
release, with a concomitant increase in superoxide production.” 
Superoxide inactivates and reacts with NO to form peroxynitrite, 
a potent oxidant, leading to endothelial dysfunction.” Normaliz 
tion of NO-mediated vasorelaxation in high-glucose conditions | 
superoxide dismutase,” a scavenger that transforms superoxic 
anion into hydrogen peroxide, further adds to this association. N 
suppressed TGF-8 activity and abolished increases in TGF-f 
mRNA and collagen synthesis in mesangial cells exposed to hig 
glucose concentration. Endogenous NO produced by glomeruli 
capillary endothelial cells may modulate TGF-B production b 
these cells and also by mesangial cells.” Stimulation of in vitr 
iNOS activity reduces collagen and fibronectin accumulation in ré 
mesangial cells.” NO may also modulate MMP-2 activity in thes 
cells.*°® High glucose in vitro enhances EGF- and IGF-1-, but nc 
TGF-B- or VEGF-induced NO production by rat mesangia 
cells.” This suggests that growth factors may modulate the in 
hibitory effects of high glucose on NO production.**” Decreasec 
basal and stimulated NO release, reduced bioavailability of NO 
and decreased vascular smooth cell responsiveness have beer 
shown in diabetes. Hyperglycemia may cause these abnormalitie: 
by several mechanisms, including increasing AGE production 
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polyol pathway, and PKC activities, as well as increasing oxidative 
stress, as described above. AGEs can quench NO both in vitro and 
in vivo, decreasing its bioavailability and impairing NO’s anti- 
proliferative effects on mesangial cells." Interestingly, amino- 
guanidine, an AGE crosslink inhibitor, also inhibits NO” and 
restores endothelium-dependent relaxation in diabetic rats.*” In- 
creased aldose reductase activity in chronic hyperglycemia causes 
reduced NADPH, an essential cofactor for NOS, and could thus 
lead to reduced NO production.*"* Increased PKC could also lead 
to impaired endothelium-dependent relaxation.” 


Glycosylation Products 


Although the key points are summarized here, the reader is referred 
to the excellent review by Chen and colleagues*™ and Chap. 13 for 
greater details on this subject. One of the major metabolic effects 
of diabetes are the nonenzymatic reactions between reducing sug- 
ars, such as glucose, and free amino groups, lipids, or nucleic 
acids.*™ This interaction, known as the Maillard reaction, is ac- 
celerated by hyperglycemia. Many proteins, such as hemoglo- 
bin,?® albumin,” low density lipoproteins, * erythrocyte mem- 
brane proteins,’®’ and crystalline lens,’ undergo nonenzymatic 
glycosylation in diabetes, leading to altered physiochemical prop- 
erties of these molecules. This early glycation process proceeds 
through the labile Schiff base adduct formation and intramolecular 
Amadori rearrangement, to become a stable glucose-modified pro- 
tein. Amadori products comprise the majority of plasmatic glu- 
cose-modified proteins, and receptors for some of those modified 
proteins have been defined.*” Further modifications of Maillard 
reaction products lead to inter- and intramolecular crosslinks and 
formation of AGEs. These reactions are complex and the reader is 
referred to several excellent reviews for greater detail.7”°°”! It has 
been suggested that the accumulation of glycation products may be 
a major contributor to the development of diabetic complica- 
tions.*”?-*”4 Increased AGEs can stimulate the synthesis of various 
growth factors, including IGF-1 and TGF-B. Binding of AGE pro- 
teins to AGE receptors on cell surfaces induces an intracellular ox- 
idative response in vitro, characterized by increased NFkB.”* A 
hallmark of the glomerular changes of diabetes is mesangial ex- 
pansion, mainly due to increases in ECM. Mesangial cells exposed 
to high glucose concentration when the matrix is being made, or 
when the degradation is taking place, have a reduced rate of 
mesangium degradation.’”° Thus, glycosylated ECM has reduced 
turnover rates, favoring ECM accumulation.*”’ Human and rat 
mesangial cells exposed to glycated bovine serum albumin showed 
increased IGF-1 and TGF-B proteins, IGF-1, IGF-2, and TGF-B, 
mRNAs, and ECM (laminin, type IV collagen, and fibronectin) 
proteins and mRNAs. These effects were prevented by amino- 
guanidine or by an AGE-receptor ] antagonist.’ Both high glu- 
cose and glycated bovine serum albumin can increase AGE- 
receptor expression in rat mesangial cells.*”? Diabetes induction 
also increased glomerular AGE-receptor mRNA expression and in- 
creased immunohistochemical staining in diabetic rats.*”? Further, 
intraperitoneal AGE-modified mouse albumin increases glomerular 
mRNA for TGF-B, and ECM components*”’ and causes glomeru- 
lar hypertrophy. These effects are reduced by aminoguanidine.*”° 
Soulis-Liparota and associates’ found that aminoguanidine di- 
minished the increased collagen-related fluorescence in diabetic rat 
aorta, glomeruli, and renal tubules, as well as albuminuria. In this 
study, GBM width increased in both treated and untreated diabetic 
rats, while Vv(Mes/glom) increase was prevented by aminoguani- 


dine. However, another study found that aminoguanidine amelio- 
rated the GBM thickening but not the Vv(Mes/glom) increase in 
diabetic rats.>*! In similar studies |M.W. Steffes, M. Mauer, unpub- 
lished data], aminoguanidine failed to have any effect on GBM or 
mesangial expansion in severe longstanding diabetes in rats. More 
recently, oral treatment with aminoguanidine was also shown to 
normalize renal mRNA expression of IGF-1 and IGF-binding 
proteins in diabetic rats,**? reinforcing a favorable effect of 
aminoguanidine in DN. Novel inhibitors of advanced glycation 
have been shown to exhibit renoprotective effects similar to 
aminoguanidine.***"** OPB-9195, a new AGE inhibitor, reduced 
renal TGF-8,, VEGF, and type IV collagen mRNA expression, 
glomerular TGF-B,, VEGF, type IV collagen, and AGE immuno- 
reactivity, albuminuria, and progressive glomerulosclerosis with- 
out changing glycemia, in an animal model of T2DM.**°*° Pim- 
agedine, a second-generation AGE inhibitor, reduced urinary 
protein excretion in proteinuric type | diabetic patients, and also 
decreased the chances of doubling serum creatinine in patients 
with initial creatinine lower than 1.5 mg/dL.**’ Serum AGE levels 
were independent predictors of progression of early structural 
glomerular lesions |Vv(MM/glom)] in microalbuminuric type | di- 
abetic patients.**8 


Amadori-Glycated Albumin 

and Diabetic Nephropathy 

Renal cells grown in high glucose have upregulation of the 
TGF-p?778%3 and PKC?! systems, and exhibit ECM over- 
production.”°¢3%? Amadori-glycated proteins, which are earlier 
products of the glycation process than AGEs, have similar cellular 
effects even without high-glucose media. For example, glomerular 
epithelial cells exposed to glycated fetal bovine serum show in- 
creased laminin and GBM antigens, unchanged type I collagen and 
fibronectin, and decreased collagenase activity.” Glycated albu- 
min and high-glucose media together cause an even greater in vitro 
increase in TGF-B, and type II TGF-B-receptor mRNAs than either 
manipulation alone.™* Also, mouse mesangial cells incubated in 
normal glucose media containing glycated serum proteins have 
increased a,(IV) collagen and fibronectin mRNA, and these ef- 
fects are intensified by high-glucose media.™”*?™ Moreover, anti- 
body to glycated albumin prevented the increase in fibronectin and 
type IV collagen expression, and reduced albuminuria in rodent 
endothelial and mesangial glomerular celis exposed to glycated 
albumin.™®9539% Antiglycated albumin antibody administration 
lowers plasma glycated albumin concentration, reduces AER, and 
improves glomerular mesangial pathology in db/db diabetic 
mice.*?”""* Treatment with an inhibitor of glycated albumin forma- 
tion (EXO-226) reduced AER, prevented GFR decline, and 
reduced MM accumulation and a,(IV) collagen cortical mRNA 
expression in db/db mice.**? Plasma concentrations of glycated 
albumin were normalized by treatment, despite persistent hyper- 
glycemia.” Also, when overall PKC or specifically PKCB activity 
are blocked, the glycated albumin-induced increase in type IV col- 
lagen production is prevented,”"?7** consistent with the notion that 
PKC, particularly the B isoform, plays a role in glycated albumin- 
induced ECM accumulation. Type 1 diabetic patients showed 
higher plasma levels of glycated albumin than nondiabetic con- 
trols, and type 1 diabetic patients with DN showed higher plasma 
levels of Amadori albumin than normoalbuminuric patients.*” 
However, studies examining the role of Amadori-glycated proteins 
in the progression of diabetic renal disease have reached conflict- 
ing conclusions. ”®'-*% Further studies of glycation’s role in patho- 
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genesis and treatment strategies for DN are warranted. However, 
the fact that glycation is a nonenzymatic process dependent on the 
duration and magnitude of glycemia, currently leaves unexplained 
why only about one-half of patients with very poor glycemic con- 
trol develop clinical DN.'® 


Increased Activity of Aldose Reductase 


Aldose reductase, the enzyme that catalyzes the reduction of glu- 
cose to sorbitol in the polyol pathway (Fig. 42-11), has been asso- 
ciated with DN and other microvascular complications. Aldose re- 
ductase, not present in all mammalian cells, is present in all the 
target tissues of diabetic complications. These tissues include kid- 
ney, lens, retinal capillary wall pericytes, vascular endothelium, 
and peripheral nerve (Schwann cells). Increased activity of aldose 
reductase leads to accumulation of sorbitol, which is further con- 
verted to fructose by the sorbitol dehydrogenase enzyme, using 
NAD* as substrate. The ratio of NAD*:NADH decreases and the 
conversion of glyceraldehyde 3-phosphate to 1,3-bisphosphoglyc- 
erate is blocked, leaving more substrate (glyceraldehyde 3- 
phosphate) for the synthesis of a-glycerol phosphate, a diacylglyc- 
erol precursor. Diacylglycerol is a PKC activator that, as discussed, 
could regulate ECM synthesis and removal. Also, increased activ- 
ity of aldose reductase consumes NADPH, leading to decreased or 
depleted glutathione. Glutathione is an antioxidant coenzyme used 
by glutathione peroxidase to reduce peroxides or superoxide, as de- 
scribed above, yielding oxidized glutathione. Glutathione can also 
act as a detoxicant for carbonyl compounds.* Hypertonicity stim- 
ulates aldose reductase gene expression, and kinases (p38-MAPK 
and ERKs) appear to be involved in the regulation of this re- 
sponse.*™ Both glucose and H,O; activate p38-MAPK in vitro, 
suggesting that increased glucose may contribute to increased al- 
dose reductase expression, independently of hyperosmotic condi- 
tions. PKC also has a role in controlling aldose reductase gene 
transcription. Moreover, reactive oxygen species decrease NO 
content, which activates aldose reductase. Increased aldose reduc- 
tase activity may also contribute to impaired renal autoregula- 


FIGURE 42-11. The effects of increased activity of the polyol pathway. The 
metabolism of glucose to sorbitol and fructose in the polyol pathway 
decreases the NADPH:NADP* and NAD*:NADH ratios. Consumption of 
the NAD* in the conversion of sorbitol to fructose (*) may limit 1,3 bis- 
phosphoglycerate formation (**), resulting in increased diacyglycerol and 
protein kinase C (PKC) activation. The consumption of NADPH in the 
conversion of glucose to sorbitol (¢) may result in decreased production of 
glutathione, an antioxidant coenzyme used by gluthathione peroxidase to 
reduce peroxide and superoxide levels. PPP, pentose phosphate pathway. 
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tion. An aldose reductase inhibitor prevents type IV collagen an 
fibronectin accumulation in human renal proximal tubular cells ex 
posed to high glucose levels.“” Treatment of diabetic animals wit! 
aldose reductase inhibitors has generated divergent results.***! 
One study showed prevention of renal and glomerular hypertrophy 
but not of GBM thickening,*"' by aldose reductase inhibition 
while another reported prevention of mesangial expansion.*!? Tol 
restat, an aldose reductase inhibitor, prevented increased GFR 
AER, and glomerular hypertrophy, and attenuated the accumula 
tion of basement membrane-like material in diabetic rats, with nc 
effect on mesangium expansion." Peripheral blood mononuclea 
cell aldose reductase mRNA levels are increased in patients witł 
type 1 diabetes and DN, but not in diabetic patients withou 


nephropathy.*!* Aldose reductase inhibitors have a partial*!*4'* o 
no*'”4!8 effect in ameliorating renal microvascular complication: 


in human studies. 


Steno Hypothesis 


According to the Steno hypothesis, albuminuria reflects wide- 
spread vascular damage.*'? Heparan sulfate is the main glycos- 
aminoglycan component of glomerular basement membranes.*” 
Hyperglycemia can lead to partial depletion of heparan sulfate 
from both decreased synthesis and reduced sulfation levels.*! De- 
creased renal heparan sulfate can diminish the glomerular capillary 
wall electrostatic charge barrier.*?? Abnormal glomerular charge 
permselectivity has been observed in diabetic rats’? and hu- 
mans,** suggesting that loss of glomerular capillary wall proteo- 
glycans may be responsible for the initial increase in the excretion 
of negatively-charged albumin.*”°“?> Changes in heparan sulfate 
have also been associated with other diabetic complications.*7°“’ 
Administration of a modified heparin glycosaminoglycan prepara- 
tion to cultured mesangial cells exposed to high glucose caused in- 
hibition of TGF-B, overexpression, probably through inhibition of 
glucose-induced PKC activation.*”* The changes in the balance of 
a (IV) collagen, MMP-2, and TIMP-2 in human and murine cells 
exposed to high glucose were partially reversed by heparin supple- 
mentation." Animal studies have shown that subcutaneous admin- 
istration of low molecular weight heparin, perhaps by inducing 
heparan sulfate synthesis, prevented increased AER, GBM, and 
a,(IV) collagen expression and deposition in diabetic rats, %4? 
Reduction in AER was also reported after treatment with subcuta- 
neous low molecular weight heparin or similar drugs in micro- 
albuminuric and proteinuric type 1433-436 and type 247 diabetic 
patients, but the results are still controversial.“ Danaparoid, a 
mixture of sulfated glycosaminoglycan consisting mainly of he- 
paran sulfate, not only decreased AER," but also reduced retinal 
hard exudates in proteinuric type 1 diabetic patients.’ These stud- 
ies suggest that decreased glycosaminoglycans can have a patho- 
genetic role in the development of diabetic complications. How- 
ever, it is also clear from earlier discussions (see sections on 
pathology and structural-functional relationships, above) that im- 
portant DN lesions can develop in patients with normal glomerular 
permselectivity. Thus, measurably abnormal glomerular permse- 
lectivity is not necessary for the genesis of DN lesions. 


CONCLUSIONS 


Several mechanisms have been proposed to explain the develop- 
ment of renal complications in diabetes. It appears that multiple 
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pathways interact and are involved in a process that is probably ge- 
netically regulated. Recent advances in molecular biology and ge- 
netics should allow us to gain new insight into the molecular mech- 
anisms and genes involved in the development of DN. These 
advances will allow early identification of patients who are at risk 
of developing DN, and should lead to the design of specific preven- 


tive 


strategies that are based on this new understanding of the 


pathophysiologic bases of DN. Moreover, the demonstration that 
DN lesions are reversible could lead to treatment aimed at stimu- 
-lating the healing capacities of the kidney, with the goal of restor- 
ing lost function or preventing further loss. 
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CHAPTER 43 


Diabetic Nephropathy 


Ralph A. DeFronzo 


INTRODUCTION 


Renal disease is an all too common occurrence in individuals with di- 
abetes mellitus. Approximately | million people in the United States 
have type 1 (previously called insulin-dependent) diabetes mellitus 
(TIDM), and of these, 30-40% eventually develop end-stage renal 
failure.' Unfortunately, there is little evidence that the incidence of 
diabetic nephropathy in type 1 diabetics has changed within the last 
decade.” Type 2 (previously called non-insulin-dependent) diabetes 
mellitus (T2DM) affects about 16 million people in the United 
States, but the incidence of renal disease is lower, 5~10%* > How- 
ever, the incidence of nephropathy in patients with T2DM varies 
considerably among ethnic groups, being 3—4 times higher in blacks 
and Hispanics and 7 times higher in Native Americans compared to 
whites®* (Fig. 43-1). Nevertheless, in absolute terms, more patients 
with type 2 than type | diabetes eventually progress to end-stage 
renal failure. The magnitude of the problem can be readily appre- 
ciated when it is realized that every third patient who is started on 
dialysis has diabetes mellitus” and that the Medicare payment for 
patients with diabetes is ~$5 1,000 per year per patient. "° 


DIABETIC NEPHROPATHY 


Diabetic nephropathy was first described by Kimmelstiel and Wil- 
son'' in 1936. Since this original description, numerous studies have 
documented the renal histologic changes and the clinical course of 
renal dysfunction, which is characterized by hypertension, edema, 
severe albuminuria, and a progressive decline in glomerular filtra- 
tion rate (GFR).” Three major histopathologic alterations have been 
described in the diabetic kidney: glomerulosclerosis, vascular in- 
volvement, and tubulointerstitial disease.'?""" 


Glomerulosclerosis 


Involvement of the glomeruli is the most characteristic feature of 
diabetic nephropathy, and proteinuria and/or a reduction in GFR 
are the most common laboratory abnormalities that signify the 
presence of glomerular dysfunction. Three distinctive glomerular 
lesions have been described: diffuse intercapillary glomeruloscle- 
rosis, nodular glomerulosclerosis, and glomerular basement mem- 
brane (GBM) thickening (Fig. 43-2). 


Diffuse and Nodular Lesions 
The most common histologic abnormality, diffuse intercapil- 
lary glomerulosclerosis, is characterized by increased, periodic 


acid-Schiff (PAS)-positive, eosinophilic material within the mesan- 
gial region (see Fig. 43-2A). The increase in mesangial matrix ma- 
terial is diffuse, involving the entire glomerulus, and generalized, 
affecting all glomeruli throughout the kidney. With time, there is a 
progressive expansion of the mesangial material, which encroaches 
on adjacent capillary lumina. As this process progresses, entire 
glomeruli become hyalinized. There is no increase in mesangial cell 
number, but mesangial cell volume is increased.'> In 40-50% of 
patients, the increase in mesangial matrix forms large acellular 
(Kimmelsteil-Wilson) nodules at the center of peripheral glomeru- 
lar lobules (see Fig. 43-2B). This nodular lesion invariably is asso- 
ciated with the diffuse lesion and is pathognomonic of diabetes 
mellitus, although it correlates poorly with the severity of clinical 
renal disease. The best predictor of clinical renal disease is the dif- 
fuse increase in mesangial matrix material (see Chap. 42).!>-5 
Immunofluorescent staining of the glomerulus reveals diffuse 
linear deposition of immunoglobulin G (IgG) along the GBM. Al- 
though this linear pattern of immunoglobulin deposition is reminis- 
cent of anti-GBM nephritis, eluted IgG has no affinity for the GBM 
and most likely represents nonspecific trapping of filtered proteins. 


Basement Membrane Thickening 

GBM thickening represents an early and characteristic abnor- 
mality in patients with diabetic glomerulosclerosis (see Fig. 43- 
2A). Basement membrane thickening is not limited to the glomeru- 
lus and can be observed in capillaries throughout the body, 
including muscle, skin, and retina. 

The GBM is a collagen-like protein that is synthesized by the 
visceral epithelium of the glomerulus.'? The integrity of the GBM is 
maintained by the continuous addition of new material from the ep- 
ithelial aspect and by the simultaneous removal from the endothelial 
side by mesangial cells. The half-life of the GBM is about 100 days. 
Both increased epithelial synthesis and impaired removal by mesan- 
gial cells contribute to the basement membrane thickening. 

There are significant differences in the collagen and protein 
content of the normal GBM compared with basement membranes 
from nonrenal tissues. "f These differences in chemical composition 
account for the high glomerular filtration coefficient, which per- 
mits a water flux that is 50-100 times greater than in other capil- 
laries, yet totally restricts the passage of serum proteins. The ability 
to restrict proteins selectively is also related to the strong negative 
charge provided by heparin sulfate and sialic acid residues within 
the GBM. 

In patients with diabetic nephropathy, a number of biochemical 
alterations in the composition of the GBM have been described.'*'’ 
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FIGURE 43-1. Incidence of nephropathy according to the duration of type | 
diabetes mellitus. (Adapted from Krolewski et al.') 


In experimental models of diabetes, an increased activity of gluco- 
syltransferase, the enzyme involved in the assembly of hydroxy- 
lysine-linked carbohydrate units, has been demonstrated, and 
restoration of normoglycemia with insulin normalized the activity 
of this enzyme. These results suggest that the accelerated synthesis 
of hydroxylysine-glucose-galactose subunits contributes to the 
GBM thickening. However, other investigators have reported 
GBM thickening without alteration in amino acid or glucosyl- 
galactose content in diabetic GBM. This polyantigenic expansion, 
involving all of the intrinsic components of the GBM and 
mesangium,"® suggests an overall increase in the synthetic rate of 
normal basement membrane, a decrease in its rate of degradation, 
or some combination thereof. In diabetic patients with advanced 
nephropathy, the sialic acid and heparin sulfate proteoglycan con- 
tent of the GBM is uniformly diminished, and this decrease in an- 
ionic charge may contribute to the increased clearance of nega- 
tively charged macromolecules, such as albumin.'” /n vitro studies 
employing isolated glomeruli have shown that glucose stimulates 
its own incorporation into capillary basement membrane in a dose- 
dependent fashion. Excessive glycosylation of the GBM may ren- 
der collagen more resistant to degradation and contribute to the 
GBM thickening. 


Vascular Involvement 


The kidneys of patients with established diabetic nephropathy 
commonly manifest accelerated renal arteriosclerosis and arteri- 
olosclerosis (see Fig. 43-2B). In the larger arteries, atheromatous 
changes often are advanced and may contribute to renal failure by 
causing ischemic parenchymal atrophy. In the smaller renal arteri- 
oles, hyaline thickening involves the afferent and efferent vessels, 
and is believed to play an important role in the development of hy- 
pertension. Although arteriosclerosis and arteriolosclerosis may be 
extensive, neither process correlates with the severity of glomeru- 
lar change. 


Tubulointerstitial Disease 


Tubulointerstitial histologic changes (see Fig. 43-2C) are common 
in the diabetic kidney, and in advanced cases, there is marked tu- 
bular atrophy, thickening of the tubular basement membrane, and 
interstitial fibrosis.'*7°*! Similar changes also may be observed 
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FIGURE 43-2. a. Diffuse diabetic glomerulosclerosis with marked mesan- 
gial matrix hyperplasia (thick arrows) and thickened glomerular basement 
membranes (thin arrows). No hypercellularity is evident. b. Nodules 
(thick arrows) usually are observed in the peripheral capillary loops and 
rarely are seen without the diffuse lesion. Note the prominent arterioloscle- 
rosis in the efferent and afferent arterioles. c. Interstitial fibrosis, tubular at- 
rophy (thick arrows), and thickening of the tubular basement membranes. 
(Reproduced with permission from DeFronzo RA: Diabetes and the kidney: 
an update. In; Olefsky JM, Sherwin RS, eds. Diabetes Mellitus; Manage- 
ment and Complications. Churchill Livingstone: 1985;/61.) 


with renal ischemia, but in diabetes, the tubular changes correlate 
poorly with the degree of vascular involvement and frequently 
occur in their absence. Immunofluorescent studies have demon- 
strated deposition of IgG along the tubular basement membrane of 
the involved tubules. The interstitial area surrounding the tubules 
is fibrotic and may contain a cellular infiltrate of lymphocytes and 
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plasma cells. These changes progress with increasing duration of 
the diabetes. ™™!* 

Asymptomatic bacteriuria and pyelonephritis are twice as 
common in patients with diabetes, particularly women, than in pa- 
tients without diabetes.” This increased incidence of urinary tract 
infection results from a variety of factors, including impaired renal 
blood flow, bladder dysfunction, interstitial scarring, impaired 
polymorphonuclear leukocyte function, defective leukocyte che- 
motaxis, and glucosuria, which enhance bacterial growth. Al- 
though patients with diabetes are more likely to develop urinary 
tract infections, a clear-cut relationship between the frequency or 
severity of interstitial changes and urinary tract infection has not 
been demonstrated, and patients whose bacteriuria was not eradi- 
cated fared no worse than those in whom the bacteriuria was 
cured.”? The tubulointerstitial changes most likely represent a di- 
rect manifestation of the altered metabolic milieu that results from 
insulin lack and/or insulin resistance. The only tubular lesion that is 
characteristic of the diabetic state is the Armanni-Ebstein lesion, a 
vacuolization of the proximal tubular cells of the pars recta. These 
vacuoles contain glycogen and are most often observed in poorly 
controlled patients. 

Diabetes mellitus accounts for over half of all reported cases of 
a special type of interstitial lesion, papillary necrosis.** Papillary 
necrosis results from ischemic damage to the inner medulla with 
eventual infarction and sloughing of part or all of the papilla. Pa- 
tients with papillary necrosis may present either with an acute ful- 
minant illness, with fever, shock, flank pain, gross hematuria, 
pyuria, oliguria, and renal failure, or with a more subacute form of 
the disease that is characterized by microscopic hematuria, pyuria, 
and indolent renal failure. Urinary tract obstruction and pyelo- 
nephritis cause renal papillary necrosis. Because phenacetin has 
been associated with papillary necrosis, chronic use of this anal- 
gesic should be avoided in the diabetic population. 


TABLE 43-1. Metabolic and Genetic Theories of Diabetic Nephropathy 


Metabolic/Hemodynamic (Acquired) Theory 


Renal involvement is absent when diabetes first is diagnosed. Basement 
membrane thickening and mesangial! changes do not become manifest 
until 2-3 years later. 

Typical changes of diabetic nephropathy have been observed in pancreatic 
diabetes (hemochromatosis, chronic pancreatitis. pancreatectomy, and 
cystic fibrosis). 

In the dog. monkey. rat, and mouse. lesions similar to those observed in 
human diabetic nephropathy have been documented after the induction 
of diabetes. 

Tight regulation with insulin prevents the development of renal lesions in 
all diabetic animal models. 

Transplantation of kidneys from diabetic into normal rats cures the renal 
disease. 

Tight glycemic control before or during the phase of microalbuminuria can 
prevent or halt the progression of microalbuminuria. 

Normal human kidneys, transplanted into diabetic patients, develop 
changes of diabetic nephropathy within 2-5 years. 

Transplantation of diabetic kidneys into nondiabetic patients leads to a res- 
olution of the diabetic renal lesion. 

Pancreatic transplantation reverses established lesions of diabetic 
nephropathy. 


DIABETIC NEPHROPATHY 


PATHOGENESIS OF DIABETIC 
GLOMERULOSCLEROSIS 


Both genetic and acquired (metabolic/hemodynamic) factors 
been invoked to explain the development of diabetic renal dis 
(Table 43-1). The acquired theory postulates that the renal cha 
are caused by a combination of metabolic and hemodyn. 
changes that result from a lack of insulin. The second theory ar 
that genetic factors are primarily responsible for the alteration 
renal structure and function. As discussed below, there is stron; 
idence to implicate both metabolic/hemodynamic alterations 
genetic factors in the pathogenesis of diabetic nephropathy. 


Acquired (Metabolic/Hemodynamic) Theory 


Many in vivo and in vitro studies in both humans and animals i 
cate that diabetic nephropathy is an acquired disorder. First, r 
involvement is absent in newly diagnosed diabetic patients ( 
43-3). Histologic abnormalities, including basement memb 
thickening, expansion of the mesangium, and vascular changes 
not become evident until at least 2-3 years after the onset of 
betes.'7'3?5 Second, all of the characteristic histopathol 
changes of diabetic nephropathy occur in patients with pancre 
diabetes (e.g., hemochromatosis, chronic pancreatitis, pancrea 
tomy),”° conditions in which genetic factors are not thought t 
involved. Third, diabetic nephropathy can be produced in vari 
animal models, including the rat, mouse, dog, and monkey, reg: 
less of the means of induction of diabetes, and treatment of 
hyperglycemia with insulin completely reverses or prevents 
diabetic renal disease.” Fourth, transplantation of pancre 


‘islets into insulinopenic diabetic rats prevents the developmen 


renal lesions.*7"" Fifth, when rat kidneys with established diab 
nephropathy are transplanted into nondiabetic rats, the re 


Genetic Theory 


Marked variation in the incidence of nephropathy among non-insulin- 
dependent diabetes mellitus patients from different ethnic groups. 
Poor correlation exists between diabetic glomerulosclerosis and the deg 

of diabetic control as judged by blood glucose levels. 

Excellent glucose control with the insulin pump (artificial pancreas) fo 
1-2 years has failed to reverse clinically overt proteinuria, and most 
diabetics have experienced progressive proteinuria and azotemia. 

Only a minority of pancreatic diabetics develop glomerulosclerosis. 

Diabetic nephropathy has been reported early in the course of diabetes, 
the prediabetic state, and occasionally in patients with normal glucos 
tolerance. 

Diabetic nephropathy clusters within families in individuals with both 1 
1 and type 2 diabetes mellitus. 

Sib-pair linkage studies have shown an association between diabetic 
nephropathy and specific chromosomal regions, although no specific 
genes have yet been identified. 


Source: Adapted from DeFronzo RA: Diabetes and the Kidney: An update. In: Olefsky JM, Sherwin RS, eds. Diabetes Mellitus: Management and Complications. Churchill Liv 


stone: 
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FIGURE 43-3. Natural course of diabetic nephropathy. At the initial diagnosis, renal function and glomerular his- 
tology are normal. Within 2-3 years, increased mesangial matrix and basement membrane thickening are ob- 
served. Renal function remains normal until 15 years, when proteinuria develops. This is an ominous sign and 
usually indicates advanced diabetic glomerulosclerosis. Within 5 years after the onset of proteinuria, elevation of 
the serum urea nitrogen and creatinine levels are observed, and within 3-5 years after the development of 
azotemia, half of the patients have advanced to end-stage renal insufficiency. GFR, glomerular filtration rate. 
(Modified from DeFronzo RA: Diabetes and the kidney: an update. In: Olefsky JM, Sherwin RS, eds. Diabetes 
Mellitus: Management and Complications. Churchill Livingstone: 1985; 169.) 


lesions resolve.” Conversely, transplantation of normal kidneys 
into diabetic rats leads to the development of diabetic nephropathy. 
Sixth, when kidneys from healthy persons are transplanted into di- 
abetics, all of the typical histologic changes of diabetic nephropa- 
thy develop within 2-5 years.”° The Diabetes Control and Compli- 
cations Trial (DCCT), in a study carried out in 1441 patients with 
TIDM, has conclusively demonstrated that intensive insulin ther- 
apy can reduce the development of nephropathy.” Tight glycemic 
control reduced the occurrence of microalbuminuria (40-300 mg/d) 
and of overt albuminuria (>300 mg/d) by 39% and 54%, respec- 
tively. Intensified insulin therapy was effective both in primary and 
secondary prevention of nephropathy (Fig. 43-4).*° 

The importance of the metabolic and hemodynamic environ- 
ment is underscored by a case report in which kidneys were trans- 


FIGURE 43-4. Effect of intensive versus conventional glycemic control 
with insulin on the albumin excretion rate in TIDM patients. Tight 
glycemic control significantly reduced the risk of developing microalbu- 
minuria (cross hatched area) and macroalbuminuria (stippled area) in nor- 
moalbuminuric patients. (Reproduced with permission from DCCT Re- 
search Group.” ) 
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planted from a patient with T1DM with established proteinuria and 
biopsy-proven diabetic nephropathy into two patients without dia- 
betes.” Seven months postrenal transplantation, renal function in 
both recipients was normal, proteinuria had disappeared, and renal 
biopsy showed resolution of the diffuse diabetic glomerulosclero- 
sis. Similarly, others have demonstrated the regression of estab- 
lished diabetic nephropathy in patients after pancreatic transplanta- 
tion. Lastly, pancreatic transplantation has been shown to reverse 
established lesions of diabetic nephropathy.” 


Genetic Theory 


Several lines of evidence support an important role for genetic pre- 
disposition in the development of diabetic nephropathy. Although 
the level of glycemic control, as documented by the HbA,,, corre- 
lates well with the development of proteinuria and diminished 
GFR,***> it is not uncommon to see patients whose glycemic con- 
trol is quite poor, yet who do not develop diabetic nephropathy. 
This observation has been cited by proponents of the genetic theory 
as evidence for the role of genes in the development of diabetic 
nephropathy. Evidence can be mustered both to support and to re- 
fute the role of metabolic control in the pathogenesis of diabetic 
complications. 

In short-term studies with a follow-up of 1-2 years, the 
achievement of good metabolic contro! has failed to reverse or 
ameliorate established nephropathy or to prevent the emergence of 
new cases of diabetic renal disease.” This information has been 
offered in favor of inheritance (genes) as the primary determinant 
of diabetic nephropathy. However, the follow-up period in these 
studies was short, less than 2 years, and insulin pump therapy was 
not initiated until after patients had had their diabetes for many 
years. 87° Major renal hemodynamic and structural changes occur 
within the initial 2-3 years after the diagnosis of diabetes and, if al- 
lowed to persist, may lead to fixed, irreversible alterations that may 
be responsible for the relentless progression to renal insufficiency. 
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Consistent with this, the Epidemiology of Diabetes Interventions 
and Complications (EDIC) study (follow-up of the DCCT) failed 
to demonstrate any decrease in the rate of microvascular complica- 
tions following 4 years of improved glycemic control in patients 
with TIDM who had been in poor glycemic control (HbA,, 
~9.0%) over the preceding 10 years.*' On the other hand, after 5- 
10 years of successful pancreatic transplantation, improvement in 
renal structure and function has been demonstrated.” These results 
suggest that it takes many years of improved glycemic control to 
reverse the changes of established diabetic nephropathy. Blood 
pressure is an important determinant of renal disease in patients 
with diabetes, and failure to meticulously control both systolic and 
diastolic hypertension has been shown to offset the benefit of im- 
proved glycemic control to slow the progression of established dia- 
betic nephropathy.” 

Although diabetic glomerulosclerosis has been shown to occur 
in patients with secondary causes of diabetes (i.e., hemochromato- 
sis, cystic fibrosis, etc.), it occurs in only a minority of such indi- 
viduals. Moreover, occasional cases of diabetic nephropathy have 
been shown to occur early in the course of diabetes or in the predi- 
abetic state. Cases of typical diabetic glomerulosclerosis also have 
been documented in patients without glucose intolerance. Such ev- 
idence has been used to argue for a genetic etiology of renal dis- 
ease in diabetic patients.°°" A genetic component to the GBM 
thickening also has been suggested by the finding of muscle capil- 
lary basement membrane thickening in adult T1DM patients at the 
time of diagnosis.” However, this later observations has been re- 
futed by others.*° 

More direct evidence for a genetic etiology of diabetic 
nephropathy in patients with both type 1 and type 2 diabetes de- 
rives from the familial clustering of diabetic nephropathy (Fig. 43-5) 
and increased albumin excretion rates and hypertension in nondia- 
betic family members, *®" as well as from studies of glomerular 
structure in sibling pairs of patients with TIDM.”! Sib-pair linkage 
analysis has demonstrated several chromosomal regions that are 
associated with diabetic nephropathy in Pima Indians,” who have 
the highest documented incidence of diabetic renal disease in the 
world. A number of candidate genes have been proposed and this 
topic is the subject of a recent review.” 

In conclusion, it is likely that both metabolic and hemody- 
namic disturbances play an important role in the development of 


FIGURE 43-5. Prevalence of end-stage renal disease (ESRD) and albumin- 
uria in siblings of type 1 diabetic individuals (probands) with and without 
diabetic nephropathy. (Reproduced with permission from Seaquist et al.” ) 
Siblings of Probands 
100 With 
Diabetic Nephropathy 


Siblings of Probands 
Without 
Diabetic Nephropathy 


% of Siblings 


DIABETIC NEPHROPATHY i 


diabetic nephropathy. The best synthesis of the available data in 
cates that metabolic derangements operate on a genetic bac 
ground, which predisposes the kidney to the development of d 
betic glomerulosclerosis in patients with poor glycemic contr 
The marked difference in renal disease among different rac 
groups®*** also emphasizes the important role of genetic factors 
the etiology of diabetic renal disease. 


PATHOGENESIS OF DIABETIC NEPHROPATHY 


Two major causative factors have been implicated in the develc 
ment of diabetic nephropathy: metabolic and hemodynamic™” 
(Fig. 43-6). In the absence of chronic hyperglycemia, renal disea 
does not occur and correction of hyperglycemia prevents the subs 
quent development of diabetic nephropathy.***'©’ Hyperglycerr 
has a direct toxic effect on renal cells and leads to the formation 
advanced glycosylation end-products (AGEs), activation of prote 
kinase C (PKC), increased growth factors, and production of c 
tokines, which collectively cause an increase in extracellular m 
trix formation.” Of the cytokines, transforming growth factor-| 
(TGF-B,) has been the most extensively studied.*>"7* It is e 
pressed in all glomerular cells and its production is markedly a 
celerated in both human and animal models of diabetic nephrop 
thy in response to hyperglycemia, angiotensin II, and AGEs. Th 
has led to the postulate that TGF-8, may represent a final comm 
element in fibrotic diseases, including diabetic nephropathy. Vasc: 
lar endothelial growth factor (VEGF) and epidermal growth fact 
(EGF) also have been implicated in experimental renal disease. 
Hyperglycemia directly glycosylates proteins in the kidney, and . 
the presence of reduced GFR, AGEs in the circulation accumula 
in the kidney where they are taken up by specific receptors, resul 
ing in the release of growth factors and stimulation of collagen fo 
mation.”””! PKC, which is activated by hyperglycemia, increas: 
endothelial cell permeability to albumin, stimulates matrix prote: 
synthesis by mesangial cells, and increases the production 1 
vasodilatory prostaglandins, which may contribute to early ren 
hyperperfusion and hyperfiltration.**-"’ Increased glucose flt 
through the aldose reductase pathway leads to the accumulation « 
a variety of polyols and intracellular depletion of myoinositc 


FIGURE 43-6. Pathogenic schema depicting the contribution of metabol 
and hemodynamic factors to the development of diabetic nephropath 
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which can lead to the activation of PKC. In various animal models 
of diabetes, inhibition of the beta II isoform of protein kinase C 
(PKC-BII) prevents the development of hyperfiltration and albu- 
minuria”” and PKC inhibitors currently are undergoing clinical 
testing in humans. 

Systemic and local renal hemodynamic factors also play an 
important role in the development of diabetic nephropathy.*>-°’ 
The important contribution of systemic hypertension was dis- 
cussed earlier. In diabetic animal models, there is a marked in- 
crease in single-nephron glomerular filtration rate, renal plasma 
flow, and intraglomerular pressure, and this constellation of renal 
hemodynamic changes is also observed in human diabetes. The in- 
crease in intraglomerular pressure results from enhanced sensitiv- 
ity of the efferent arteriole to angiotensin II. In diabetic rats, these 
renal hemodynamics changes can be reversed by insulin therapy. 
Increased single-nephron renal plasma flow and glomerular trans- 
capillary fluid pressure, whether due to non-diabetic renal disease 
or diabetes mellitus, if sustained over a prolonged period, cause 
cellular injury, proliferation of mesangial matrix material, and 
glomerulosclerosis (Fig. 43-6). The elevation in glomerular plasma 
flow and transcapillary hydraulic pressure leads to increased tran- 
scapillary albumin flux, which may further exacerbate the mesan- 
gial cell injury and cause the proliferation of mesangial matrix ma- 
terial. At the onset of nephropathy, albuminuria results from 
changes in either glomerular charge selectivity or altered tubular 
handling of filtered proteins.” With progressive renal injury, 
permselectivity changes in the glomerular barrier occur and further 
exacerbate the proteinuria.”° Consistent with this pathogenesis, in 
diabetic animal models ACE inhibitors decrease intraglomerular 
pressure, lower GFR and renal plasma flow, reduce proteinuria, and 
prevent the histologic changes of diabetic nephropathy. Improved 
renal function also has been observed in both type 1 and type 2 
patients who are treated with ACE inhibitors. It should be noted, 
however, that angiotensin II has a number of nonhemodynamic 
actions” which would be expected to exacerbate diabetic nephro- 
pathy. Angiotensin II is a potent growth factor that directly augments 
mesangial matrix proliferation, stimulates collagen and fibronectin 
synthesis, causes renal hypertrophy, enhances renal TGF-B expres- 
sion, and potentiates the effect of a variety of growth factors on the 
kidney.”*”* It is likely, therefore, that the renal protective effect of 
ACE inhibitors is multifactorial in origin. 

A parallel view holds that the changes in intrarenal hemody- 
namics and renal hypertrophy are related to altered sodium trans- 
port in the proximal tubule and activation of the tubuloglomerular 
feedback reflex.*° In diabetes the increased filtered load of glucose 
is reabsorbed in concert with sodium in the proximal tubule.*' The 
reduction in delivery of salt to the distal tubule activates the tubu- 
loglomerular feedback reflex, leading to vasodilation and increased 
GFR until distal salt delivery returns to its normal set point. The in- 
creased reabsorptive work of the proximal tubule leads to the gen- 
eration of metabolic growth factors, which cause renal hypertrophy 
with further augmentation of renal plasma flow and GFR. Most re- 
cently, this hypothesis has been challenged by Thomson and asso- 
ciates,"* who have provided evidence that the initial kidney growth 
that occurs in response to hyperglycemia is the primary pathogenic 
disturbance. The resultant renal hypertrophy causes increased 
proximal tubular reabsorption of sodium, which activates the tubu- 
loglomerular feedback loop, leading to renal vasodilation and 
hyperfiltration. At present, it remains unresolved whether abnor- 
malities in vascular control (renal vasodilation and early hyperfil- 
tration) represent the primary disturbance and result secondarily in 


renal hypertrophy via activation of the tubuloglomerular feedback 
loop, or whether the renal hypertrophy is primary and leads sec- 
ondarily to stimulation of tubuloglomerular feedback and elevated 
renal plasma flow and GFR.™ 

In summary, hyperglycemia sets in motion a number of hemo- 
dynamic and metabolic abnormalities that eventuate in the typical 
histologic and clinical picture that is seen in patients with diabetic 
nephropathy. 


CLINICAL COURSE 


Epidemiologic studies have documented that less than half of all 
patients with T1DM who have had their disease for 20-30 years 
develop clinically significant renal disease (Fig. 43-7).'°°*4 Un- 
fortunately, at the time of diagnosis, there are no clinical or labora- 
tory findings that predict which patients will progress to end-stage 
renal failure.*®> Although it is often stated that the incidence of 
glomerulosclerosis is higher in patients with T1 DM (30-40%) than 
in patients with T2DM (5-10%), Pima Indians have the highest in- 
cidence of T2DM and diabetic nephropathy in the world.***’ Re- 
cent studies suggest that the incidence of renal disease may be 
more similar than previously appreciated in patients with type 1 
and type 2 diabetes.***° The dramatic rise in the incidence of renal 
disease in patients with T2DM may result from enhanced aware- 
hess and improved treatment of hypertension and dyslipidemia, 
which allows patients with T2DM to live longer, thereby exposing 
them to a greater burden of hyperglycemia. 


Early Changes in Renal Function 


Early in the course of diabetes (see Fig. 43-3) the GFR is charac- 
teristically increased and correlates with increased kidney weight 
and size, increased glomerular volume, and increased capillary lu- 
minal area per glomerulus.****™ During this same period, renal 
biopsy has demonstrated the presence of increased mesangial ma- 
trix and basement membrane thickening. Institution of intensive 
short-term (1-2 weeks) blood glucose control normalizes the GFR 
without any reduction in renal size,” suggesting that the aug- 
mented GFR is not causally related to the renal hypertrophy. How- 
ever, within 6 weeks after the start of intensive insulin therapy, a 


FIGURE 43-7. The Medicare incidence of end-stage renal failure in Native 
Americans, African-Americans, Asian-Americans, and white Americans as 
a function of age. (Adapted from Teusch S, Newman J, Eggers P: The prob- 
lem of renal failure in the United States: an overview. Am J Kidney Dis 
1989; 13:11.) 
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significant reduction in kidney size can be demonstrated in patients 
with TLDM.” Experimental diabetes in animals is also associated 
with an augmented GFR, which correlates with increased glomeru- 
lar volume and glomerular capillary length and diameter. All of 
these changes are reversible with insulin treatment or islet cell 
transplantation.” 

In early diabetes, no consistent change in renal plasma flow 
(RPF) has been observed. Although an increase in RPF has been 
reported by some investigators, most have found blood flow to the 
kidney to be normal. In all studies, the filtration fraction (GFR/ 
RPF) was elevated." 


Late Changes in Renal Function 


Patients who are destined to develop renal insufficiency follow a 
predictable clinical courset% #*#ć (see Fig. 43-3). After the onset of 
overt diabetes mellitus, there is a long (15-18 years) silent period, 
during which there is no laboratory evidence of renal dysfunction. 
However, if one were to perform a renal biopsy, a widespread in- 
crease in mesangial matrix material, capillary GBM thickening, 
interstitial fibrosis, and arteriolosclerosis would be evident. Pa- 
tients with clinical nephropathy had slightly more mesangial ma- 
trix material and fewer open glomerular capillaries than patients 
with diabetes without clinical nephropathy (see Chap. 42). The in- 
crease in mesangial matrix is inversely correlated with the area of 
open capillary loops. These observations suggest that in the ad- 
vanced stages of diabetic nephropathy, encroachment of capillary 
lumina by the expanding mesangial matrix material contributes to 
the decline in GFR. However, nonstructural factors also must play 
an important role in the decay of renal function, because the sever- 
ity of diabetic glomerulosclerosis in patients without clinically ev- 
ident renal disease can be as marked as in patients with advanced 
renal insufficiency.” ?* 


STAGING OF DIABETIC NEPHROPATHY 


Microalbuminuria is the earliest clinically detectable stage of dia- 
betic nephropathy,” and patients with microalbuminuria are 
sometimes said to have incipient diabetic nephropathy because of 
their increased risk of clinical nephropathy.” ®5868 The albumin 
excretion rate in healthy people ranges from 2.5-25 mg/d, with a 
mean of approximately 10 mg/d” (Table 43-2). The Albustix® 
reaction does not become positive until the albumin excretion 
rate exceeds 300 mg/d. Thus there is a wide subclinical range (30- 
300 mg/d) in which urinary albumin excretion is increased, but in 
the past could not be detected by routine laboratory methods. How- 
ever, sensitive radioimmunoassay techniques have been developed 
to accurately measure albumin excretion at these lower rates.” Pa- 
tients with an albumin excretion rate of 30-300 mg/d are defined 


TABLE 43-2. Definition of Microalbuminuria 


Urinary Urinary Urine Albumin/ 
AER AER Creatinine 
(mg/24 h) (g/min) (mg/mg) 
Normoalbuminuria* <30 <20 <0.02 
Microalbuminuria 30-300 20-200 0.02-0.20 
Macroalbuminuria >300 >200 >0.20 


*The mean value for urinary albumin excretion rate (AER) in normal individuals is 10 
+ 3 me/d or7 + 2 pe/min. 
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as having microalbuminuria (Table 43-2). T1DM patients with 
microalbuminuria have a 20-fold increased likelihood of develop- 
ing clinical proteinuria (>300 mg/d of albumin) or a diminished 
GFR within a period of 10 years.’ Patients with high-grade 
microalbuminuria (>!00 mg/d) are at particularly high risk of de- 
veloping renal impairment.” "86 Microalbuminuria also precedes 
the development of diabetic nephropathy in patients with T2DM,°* 
85.86.89.99-10l although it is not as strong a predictor as in patients 
with TIDM. Microalbuminuria is a very strong predictor of 
macrovascular complications (heart attacks, stroke) in all patients 
with diabetes (Fig. 43-8).°°°?!°"'™ A recent review!” of the rela- 
tionship between microalbuminuria and the eventual development 
of clinical proteinuria and reduced GFR underscores the need for 
the development of other early predictors (i.e., newer imaging tech- 
niques, discovery of genes that predict increased risk of diabetic 
nephropathy, identification of substances in blood and/or urine that 
signal high-risk patients, measurements of tubular dysfunction, 
etc.) of diabetic nephropathy. 

When interpreting the results of microalbumin excretion, it is 
important to exercise some clinical judgement. The upper limit of 
normal should not be considered as absolute, and common sense 
must be used in judging borderline cases. Many factors (e.g., exer- 
cise, high blood pressure, urinary tract infection, and very poor di- 
abetic control) elevate the urinary albumin excretion rate. If such 
confounding factors are present, the finding of microalbuminuria 
does not necessarily imply incipient diabetic nephropathy. Al- 
though several authors have suggested that exercise-induced mi- 
croalbuminuria is a harbinger of diabetic renal disease, there are 
few experimental data to support this claim. Another concern about 
the clinical interpretation of microalbuminuria centers on its devel- 
opment during the first 5 years in T1DM patients. In these patients, 
microalbuminuria is unlikely to have the same ominous prognostic 
significance as microalbuminuria that occurs [0-15 years after the 
onset of diabetes. This statement is not applicable to T2DM pa- 
tients, who may have had their disease for many years before the 
diagnosis of diabetes was established. The interpretation of mi- 
croalbuminuria in Caucasian type 2 diabetic patients is further 
complicated, since approximately 25% of such individuals have 
microalbuminuria, yet the incidence of renal disease in this popula- 


FIGURE 43-8. Overall survival in 76 T2DM patients with varying degrees 
of microalbuminuria based upon the urinary albumin concentration. Pa- 
tients with microalbuminuria in the moderate to high range (two right bars) 
demonstrated a markedly shortened survival compared to an age-matched 
control population. (Reproduced with permission from Mogensen. R 
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tion is only 5-10%.*° 99-101.104 Therefore, although microalbumin- 
uria is a risk factor for the development of renal disease in type 2 
diabetics, it is not as strong a predictor as in type | diabetics. Thus, 
type 2 diabetic patients with microalbuminuria have a fivefold in- 
creased risk (as opposed to the 20-fold increase seen in T1DM) of 
developing proteinuria over a 10-year period. However, in certain 
ethnic populations with a high incidence of diabetic nephropathy 
and type 2 diabetes, including Native Americans, Mexican- 
Americans, and African-Americans, microalbuminuria is a very 
strong predictor of proteinuria and impaired renal function.°°!0?.'% 

From the more routine laboratory standpoint, the earliest de- 
tectable manifestation of diabetic glomerulosclerosis is Albustix- 
positive proteinuria (see Fig. 43-3), which begins about 15-18 
years after the diagnosis of diabetes.**-8°499>°7' At this time, 
the GFR may still be normal or even elevated, but within a mean of 
5 years after the onset of this level of proteinuria, the GFR begins 
to decline, and the serum urea nitrogen and creatinine concentra- 
tions increase. Within ~3-5 years after an elevation in serum crea- 
tinine concentration is documented, about half of the patients will 
have progressed to end-stage renal insufficiency. Severe proteinuria 
(>3 g/d) and the nephrotic syndrome are common, occurring in 
over half of all diabetic patients who progress to end-stage renal 
failure. 


LABORATORY ABNORMALITIES 


Proteinuria 


The earliest laboratory manifestation of diabetic renal disease is 
proteinuria. When the urine albumin excretion exceeds 300 mg/d 
(corresponding to a urine protein excretion of 500 mg/d), the pa- 
tient is said to have overt diabetic nephropathy. Using fractional 
dextran clearances and urinary albumin/IgG excretion, the in- 
creased transglomerular flux of proteins has been shown to result 
from an augmented transglomerular ultrafiltration pressure gradi- 
ent and an alteration in the molecular charge of the glomerular bar- 
rier, which results from the loss of anionic charges (heparin sulfate 
and sialic acid residues) from the GBM.1657-1%.-103.107.108 Neither 
the number of pores in the GBM nor the pore size is altered in the 
course of diabetic nephropathy. At this stage, loss of barrier charge 
selectivity, without alteration of pore size diameter, appears to be 
the primary factor that allows the escape of albumin without change 
in the clearance of other macromolecules, and improved glycemic 
control with intensive insulin therapy decreases the albumin excre- 
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tion rate." More recently, studies by Comper and coworkers’”™”* 


have demonstrated an important contributory role for impaired tu- 
bular handling of albumin in the development of microalbumin- 
uria. With progressive proteinuria and the development of impaired 
renal function, glomerular charge- and size-selectivity is lost, there 
is an increase in pore size with the appearance of large-molecular- 
weight proteins in the urine, due to enhanced transglomerular pas- 
sage of plasma proteins. 


Glomerular Filtration Rate 


Prior to the onset of microalbuminuria, the GFR is increased 
85.86.99-104.110.111 46 the result of increased intraglomerular pressure 
and increased glomerular capillary surface area (Fig. 43-9).°*7* 
The elevated GFR often persists even though marked renal histo- 
logic changes are present. Thus a decline in GFR from elevated to 
normal values in the absence of an improvement in metabolic con- 
trol represents an ominous finding (Fig. 43-9). The most commonly 
used laboratory tests that provide an index of GFR are the serum 
creatinine and serum urea nitrogen (SUN) concentrations. How- 
ever, both (especially the SUN) are influenced by prerenal (i.e., ex- 
tracellular fluid volume depletion) and postrenal (i.e., urinary tract 
obstruction) factors. The serum creatinine concentration also is de- 
pendent on the muscle mass. Consequently, a decrease in muscle 
mass (as occurs with advancing age) can lead to a reduction in 
serum creatinine concentration and an underestimation of the 
severity of renal impairment. More importantly, the GFR may de- 
cline by 40-50% before either test increases into the abnormal 
range. Therefore, many nephrologists and diabetes specialists have 
advocated serial determinations of the creatinine clearance. In pa- 
tients with renal failure of diverse etiologies, a plot of the recipro- 
cal of the serum creatinine concentration as a function of time is 
linear and is useful in following the progression of renal disease. 
Pragmatically, the author advocates following the creatinine clear- 
ance in patients with diabetes with normal serum creatinine levels. 
Once the serum creatinine concentration becomes elevated, either 
the reciprocal of the serum creatinine or the creatinine clearance 
can be followed. 

The glomerular filtration rate is determined by two factors: the 
net transmembrane ultrafiltration pressure and the glomerular 
ultrafiltration coefficient. The ultrafiltration pressure is governed 
by the balance of forces between the transmembrane hydraulic 
pressure, which increases GFR, and the intraglomerular oncotic 
pressure, which decreases GFR. In animals and man, experimental 
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FIGURE 43-9. Natural history of glomeru- 
lar filtration rate (GFR) and urinary albu- 
min excretion rate (AER) in 20 type 1 di- 
abetic patients who progressed to overt 
diabetic nephropathy over a period of 12 
+ 3 years. GFR and AER are shown at 
the time of initial examination (circles) 
and after varying periods of follow-up 
(triangles). Shaded areas show the nor- 
mal range. (Reproduced with permission 
from Mogensen. fee) 
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diabetes elevates the transmembrane ultrafiltration pressure.**'™ 


Because the glomerular capillary oncotic pressure is normal or re- 
duced in patients with diabetic nephropathy, this factor cannot ex- 
plain the decrease in GFR. By exclusion, therefore, it has been 
concluded that the glomerular ultrafiltration coefficient must be re- 
duced. The ultrafiltration coefficient is determined by the surface 
area available for filtration and the hydraulic permeability. Changes 
in the latter term have not been evaluated. Early in the course of 
T1DM, the total glomerular capillary surface area is increased and 
contributes to the glomerular hyperfiltration. However, in diabetic 
patients with clinically manifest renal disease, the mesangial ma- 
trix is greatly expanded, with obliteration of many capillary lu- 
mina.” Anatomically, this reduction in surface area for filtration 
plays a significant role in the decline in GFR in patients with ad- 
vanced diabetic nephropathy. 


Glucosuria 


The maximum tubular reabsorptive capacity for glucose (Tmo) 
varies inversely with the GFR in healthy individuals, and similar 
observations have been made in patients with new-onset T2DM.'!” 
However, in patients with long-term diabetes with reduced GFR 
and diabetic glomerulosclerosis, the Tmg is raised. Moreover, even 
in patients with diabetes without renal disease, glucosuria corre- 
lates relatively poorly with the plasma glucose concentration. 


Hyperkalemia 


The maintenance of normal potassium homeostasis depends on 
both renal and extrarenal mechanisms (Fig. 43-10).!8 Many fac- 
tors predispose the patient with diabetes to the development of hy- 
perkalemia. Three hormones play a pivotal role in regulating the 
distribution of potassium between intracellular and extracellular 
compartments: insulin, epinephrine, and aldosterone. In patients 
with longstanding diabetes mellitus, all three of these hormones 
may be deficient. Therefore, it is not surprising that hyperkalemia 


is acommonly encountered clinical problem in the diabetic popu 
tion.''? Moreover, in poorly controlled patients the elevated plasr 
glucose concentration increases tonicity, causing an osmotic sh 
of fluid and electrolytes, primarily potassium, out of cells. Met 
bolic acidemia, common in patients with diabetes, also predispos 
to hyperkalemia. During the development of metabolic acidem 
about half of a hydrogen ion load is buffered within cells, and th 
occurs in exchange for potassium ions.! 19 

Renal mechanisms also contribute to the development of h 
perkalemia. When the GFR declines to less than 15-20 mL/mi 
the ability of the kidney to excrete potassium may become ir 
paired.'!? Essentially, all of the filtered potassium is reabsorbed | 
the early- to mid-distal tubule, and the potassium that appears 
the final urine represents potassium that is secreted by the late di 
tal tubule and collecting duct. Many patients with diabetes demo 
strate a marked interstitial nephritis with prominent tubular atrop! 
and tubular basement membrane thickening.'*”°?! Because mc 
urinary potassium is derived from distal and collecting tubular ce 
secretion, renal potassium excretion becomes impaired. 

Hypoaldosteronism is common in patients with diabetes, pa 
ticularly in those with evidence of impaired renal function (Fi 
43-10).''*"!4 Since aldosterone is a key regulator of potassium s 
cretion by the distal tubule and collecting duct, aldosterone de: 
ciency results in impaired potassium excretion. Most patients wi 
hypoaldosteronism are asymptomatic and are diagnosed on routil 
laboratory screening (by the presence of hyperkalemia) or durir 
evaluation for some other, unassociated illness. The baseli 
plasma aldosterone concentration is low and fails to increase nc 
mally after stimulation with volume contraction. In most patient 
the plasma renin level also is reduced and accounts for the hypoz 
dosteronism. However, in about 20% of patients with hypoald 
steronism, normal basal renin values have been reported.''*! 
Moreover, all patients with the syndrome of hyporeninemic h 
poaldosteronism have clinically significant hyperkalemia, which 
the most potent stimulus to aldosterone secretion. This sugges 
that, along with hyporeninemia, there may be a primary adrenal d 


FIGURE 43-10. Hyperkalemia and the CONVERTING ENZYME 


renin-angiotensin-aldosterone system. 
(Reproduced with permission from De- 
Fronzo et al”) 
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fect in aldosterone secretion. This hypothesis is supported by the 
observation that the aldosterone response to angiotensin II and 
adrenocorticotropic hormone, agents that directly stimulate aldo- 
sterone secretion by the zona glomerulosa, is markedly impaired in 
persons with hypoaldosteronism.!!3"!!5 

The pathogenic factors responsible for the impairment in renin 
and aldosterone secretion are unknown. Hyporeninemia could re- 
sult from damage to the juxtaglomerulosal apparatus, impaired 
conversion of the biologically inactive renin precursor: (“big 
renin”) to renin, decreased circulating catecholamine levels or au- 
tonomic neuropathy, diminished circulating prostaglandin levels, 
or chronic extracellular fluid volume expansion secondary to hy- 
perglycemia and sodium retention. However, none of these distur- 
bances can satisfactorily account for the development of hypo- 
reninemia in most diabetics. Impaired aldosterone secretion may 
be caused by intracellular potassium depletion within the zona 
glomerulosa of the adrenal gland secondary to insulin deficiency or 
insulin resistance.''*''* Several enzymatic steps involved in aldo- 
sterone biosynthesis are known to be potassium-dependent.''? Dis- 
ruption of the normal tubuloglomerular feedback mechanisms also 
may lead to suppressed aldosterone secretion.''* In diabetic pa- 
tients with fasting plasma glucose levels in excess of 180 mg/dL, 
there is a large increase in the filtered load of glucose. The resultant 
osmotic diuresis impairs sodium and chloride reabsorption by all 
nephron segments, disrupting the normal tubuloglomerular feed- 
back control mechanism and leading to suppression of renin, and 
secondarily, aldosterone secretion. 

The complexity of the alterations in the renin-aldosterone axis 
in patients with diabetes is underscored by a report in which the al- 
dosterone axis was characterized in 59 normokalemic patients with 
diabetes with normal GFR.''* In half of the patients, both the renin 
and aldosterone responses were normal, 10% of the patients 
demonstrated diminished aldosterone secretion despite a normal 
renin response, 20% had impaired renin release with a normal al- 
dosterone response, and 20% manifested impaired secretion of 
both renin and aldosterone. These results suggest the presence of 
multiple defects in the renin-aldosterone axis and a multifactorial 
origin of hyperkalemia. 

A number of drugs have been shown to impair aldosterone se- 
cretion! and, if prescribed for patients with diabetes, require 
close monitoring of the plasma potassium concentration. Of these 
medications, the B-blockers and ACE inhibitors are the most 
widely known. The ACE inhibitors have been advocated for the 
treatment of diabetic nephropathy. These agents infrequently cause 
hyperkalemia, and this complication should be monitored closely 
at the start of therapy.''? Another widely used class of drugs, the 
nonsteroidal antiinflammatory prostaglandin inhibitors, causes hy- 
poreninemic hypoaldosteronism and hyperkalemia.''* The diuretic 
agents (e.g., spironolactone, tnamterene, and amiloride) block 
potassium secretion by the renal tubular cell''? and also may result 
in hyperkalemia. 


Metabolic Acidosis 


Metabolic acidosis, both anion gap and hyperchloremic (nonanion 
gap), is commonly observed in patients with diabetes. !!?!!*!!7 The 
anion gap is calculated by subtracting the concentrations of the 
major anions (chloride plus bicarbonate) from the major cation 
(sodium). The difference should not exceed 12 + 2 mEq/L. If the 
value is greater than 14 mEq/L, an anion gap acidosis is present. 


There are three possible causes of an anion gap acidosis: renal in- 
sufficiency, ketoacidosis, and lactic acidosis, and all three may 
occur in diabetic patients. Ketoacidosis and lactic acidosis are dis- 
cussed in Chap. 34. In diabetic nephropathy, as in other causes of 
chronic renal disease, when the GFR declines to 20-25 mL/min, 
the ability of the kidney to excrete titratable acid becomes im- 
paired, and the laboratory manifestation is an anion gap acidosis. 

The causes of an anion gap acidosis are well known to the cli- 
nician. Less well recognized is the frequent occurrence of a hyper- 
chloremic (or nonanion gap) metabolic acidosis. The syndrome of 
hypoaldosteronism is commonly observed in patients with dia- 
betes, particularly those with renal impairment.!!™!! Over half of 
the reported cases of hyporeninemic hypoaldosteronism present 
with a hyperchloremic metabolic acidosis.''*"''> Aldosterone is an 
important regulator of ammonia production and hydrogen ion se- 
cretion by the distal nephron. Ammomium is an important urinary 
buffer that prevents the urine pH from dropping to very low levels, 
which would lead to an inhibition of hydrogen ion secretion by the 
renal tubule. Because of deficient ammomium secretion, the 
amount of urinary buffer—and therefore the total amount of hydro- 
gen ion that can be secreted—is reduced in patients with diabetes 
with hypoaldosteronism. Because aldosterone does not affect uri- 
nary acidification, urine pH remains acidic (pH < 5.4). Some pa- 
tients present with a hyperchloremic metabolic acidosis secondary 
to a primary renal tubular defect in hydrogen secretion. These indi- 
viduals have a true distal renal tubular acidosis (i.e., an inability to 
acidify the urine [pH > 5.4] despite systemic acidemia). This de- 
fect may be related to the prominent interstitial nephritis, to the tu- 
bular basement membrane thickening, or to an intracellular abnor- 
mality in any of the steps involved in hydrogen ion secretion. Other 
patients with diabetes may present with a hyperchloremic meta- 
bolic acidosis due to widespread chronic interstitial nephritis and 
diffuse tubular injury, resulting in decreased ammonia production. 
The urine pH in these latter individuals is maximally acidic, indi- 
cating that the ability of the distal tubule and collecting duct to gen- 
erate a steep pH gradient is intact. In these patients, the primary 
problem is impaired ammonia production, leading to a decrease in 
the total amount of hydrogen ion that can be excreted. In the ab- 
sence of ammonia, which is one of the major urinary buffers, the 
urine pH is maximally acidic. Hyperkalemia may also cause a hy- 
perchloremic metabolic acidosis by inhibiting ammonia synthesis 
by the renal tubular cell. 


CLINICAL CORRELATIONS 


Diabetic nephropathy is unusual in the absence of retinopathy, neu- 
ropathy, and hypertension. These associations were first popular- 
ized by Root and colleagues,''* who referred to the triopathy of di- 
abetes: nephropathy, retinopathy, and neuropathy. The occurrence 
of this triad was supported by other studies.''? However, the valid- 
ity of this association has also been challenged,” and more recent 
reviews'?!"!?3 suggest a more variable association between the 
three microvascular complications. Patients with diabetes with 
nephropathy invariably have retinopathy and the diagnosis of dia- 
betic nephropathy should not be made in the absence of some ev- 
idence of retinal involvement. This association has been referred 
to as the renal-retinal syndrome. However, less than half of the 
patients with diabetes with retinopathy have clinically evident 
renal disease. The association between diabetic neuropathy and 
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retinopathy/nephropathy is even more variable, and is clouded by 
the fact that uremic neuropathy can occur in absence of diabetes. 


Diabetic Retinopathy 


Diabetic retinopathy (e.g., hemorrhages, exudates, proliferative 
retinopathy) invariably is present in patients with diabetes with 
end-stage renal failure who are admitted into dialysis or transplan- 
tation programs.'**'4 However, when overt diabetic nephropathy 
is first diagnosed (i.e., documentation of persistent proteinuria or 
elevation of the serum creatinine concentration), 30-40% of pa- 
tients do not have evidence of diabetic retinopathy by routine oph- 
thalmologic examination,'!?'7°'?3!74 even though fluorescein an- 
giography will demonstrate typical diabetic abnormalities in over 
80-90% of patients. As the renal disease progresses, however, dia- 
betic retinopathy appears to accelerate.'?*-'** In one study, evi- 
dence of retinopathy was noted in only 61 of 150 patients when 
nephropathy was first diagnosed, but retinal involvement devel- 
oped in another 42 during the follow-up period.” In patients 
placed on hemodialysis, a rapid progression of diabetic retinopathy 
often ensues. A dissociation between retinopathy and nephropathy 
is evident if one examines patients with established retinopathy. 
After 15-20 years, over 80% of patients have evidence of diabetic 
retinopathy, but as many as 30-50% have no laboratory evidence 
of renal disease. 


Diabetic Neuropathy 


The association between diabetic nephropathy and neuropathy is 
much less striking than that between diabetic nephropathy and 
retinopathy. In patients who have had diabetes for =20 years, only 
half exhibit clinical evidence of neuropathic involvement. "176"? 
In patients with end-stage renal failure, the incidence of diabetic 
neuropathy varies from 50-90%, depending upon how carefully 
one looks or tests for evidence of diabetic neuropathic involvement. 
Peripheral neuropathy is more evident clinically than autonomic 
neuropathy, although in a recent study symptomatic diabetic gas- 
troparesis was observed in ~50% of patients with diabetes treated 
with dialysis.'?? However, the specificity of these neuropathologic 
abnormalities, especially those relating to peripheral neuropathy, is 
questionable because dialysis and transplantation often lead to their 
reversal,” suggesting a uremic etiology. As with retinopathy, ure- 
mia appears to exacerbate the progression of diabetic neuropathy. 
When diabetic nephropathy is first diagnosed, less than half of pa- 
tients have clinically evident diabetic neuropathy. 


Hypertension 


The incidence of hypertension, as well as the relationship between 
hypertension and renal disease, is very different in patients with 
TIDM and T2DM. In newly diagnosed type 2 patients, approxi- 
mately 50-60% have hypertension, whereas less than 10% of type 
1 patients present with hypertension at the time of initial diagno- 
sis.°°49-8-131-153 Tn both TIDM and T2DM patients, the incidence 
and severity of hypertension progress as the proteinuria becomes 
more severe. When end-stage renal failure ensues, 70-80% of pa- 
tients with diabetes are hypertensive." Patients with heavy pro- 
teinuria are particularly prone to develop hypertension. In most pa- 
tients, the hypertension is volume-dependent and becomes easier to 
control after dialysis is started and dry weight is attained. "56 
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Edema 


The full-blown Kimmelstiel-Wilson syndrome includes edema, hy 
pertension, proteinuria, and azotemia. In patients without renal dis 
ease or in those with mild-modest proteinuria (<0.5-1 g/d) and ; 
normal GFR, edema is uncommon. However, when the urinary al 
bumin excretion exceeds 1-2 g/d, and especially when the GFR be 
gins to decline, the incidence of edema increases precipitously 
This is caused by decreased oncotic pressure secondary to hypo 
albuminemia, sodium retention secondary to renal disease, anc 
altered vascular permeability. When end-stage renal failure ensues 
over 50-75% of patients have some evidence of edema." 


TREATMENT OF DIABETIC NEPHROPATHY 


The treatment of patients with established diabetic nephropathy i: 
aimed at slowing the progressive decline in GFR. Once overt albu- 
minuria (>300-500 mg/d) is present and the serum creatinine con- 
centration begins to increase, the progression to end-stage rena. 
disease is difficult to halt (Table 43-3). If end-stage renal failure en- 
sues, two options are available: dialysis or transplantation. 


Hypertension 


Hypertension, even in its mildest form, is associated with decreased 
survival in patients without diabetes,'** and this effect is magni- 
fied in patients with diabetes (see Chap. 48). Hypertension is the 
single most important factor that accelerates the progression of dia- 
betic renal disease, and treatment of the hypertension, regardless of 
the.agent employed, markedly slows the progression of renal insuf- 
ficiency in patients with established renal disease.”® 13419-141 

Over 25 years ago, it was demonstrated that antihypertensive 
therapy reduced albuminuria and slowed the rate of decline in GFR 
in patients with T1DM with established nephropathy. '* This initial 
observation has been confirmed by multiple investigators (Fig. 
43-1 1). 97.85,134.140.141.143-145 Elevated blood pressure interacts 
synergistically with poor glycemic control, hypercholesterolemia, 
and microalbuminuria to accelerate the decline in glomerular filtra- 
tion rate (Fig. 43-12).'*! In a long-term, randomized, double-blind, 
prospective study of 409 type 1 diabetic patients with established 
nephropathy,'* it was demonstrated that antihypertensive therapy 
with captopril decreased the doubling time of serum creatinine by 
48% and reduced by 50% the combined end points of death, dialy- 
sis, and renal transplantation (Table 43-4). 

Simple clinical observations have demonstrated the impor- 
tance of hemodynamic factors in the development of diabetic 
nephropathy. In type | patients with renal artery stenosis, extensive 
diabetic glomerulosclerosis occurs in the kidney with the patent 
renal artery, but the kidney with the stenotic renal artery displays 
only mild diabetic changes.'*” Similar observations have been re- 
ported in diabetic rats with Goldblatt kidney hypertension. Con- 
versely, in diabetic rats, dogs, and humans with a single kidney, 
there is a marked acceleration of diabetic nephropathy, even though 
systemic hypertension does not develop.'*® This experimental 
model emphasizes the role of intrarenal hemodynamic factors in 
the initiation and progression of diabetic glomerulopathy.**° In 
both TIDM and T2DM patients, genetic factors also have been 
shown to play an important role in the development of hyperten- 
sion. 4.15 Hypertension and microalbuminuria also occur as part 
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TABLE 43-3. Treatment of Diabetic Nephropathy 


1. Hypertension—the single most important factor shown to accelerate the progression of renal failure. 
a. Angiotensin converting enzyme (ACE) inhibitors, angiotensin receptor blockers, and calcium channel blockers are efficacious and relatively free of 
side effects. Hyperkalemia and decreased glomerular filtration rate (GFR) may occur with ACE inhibitors. 
b. Because of the development of dyslipidemia and insulin resistance, diuretics should not be considered as first-line agents unless used in very low 
doses; they are, however, indicated in hypertensive patients with evidence of excessive sodium retention, i.e., edema. 
c. Attempt to avoid propranolol and other B-adrenergic blockers (hyperkalemia, hypoglycemia, hyperglycemia). 
. Urinary tract infection—increased incidence, frequent cultures. 
. Neurogenic bladder—parasymphatetic/adrenergic drugs, voiding maneuvers. 
. Intravenous pyelography— increased incidence of acute renal failure, particularly if heavy proteinuria and renal impairment are present. 
. Blood glucose control 
a. Tight blood glucose control, if instituted before or during the phase of microalbuminuria, prevents the development of overt proteinuria and progressive 
renal failure. 
b. There is little evidence that tight metabolic control prevents or ameliorates the progression of established renal disease (albumin excretion rate >200- 
300 mg/d or elevated serum creatinine). 
. Uremia is associated with insulin resistance and increased insulin requirements. 
d. With advanced uremia (GFR <15-20 mL/min), decreased insulin requirements may be observed because kidney removal of secreted insulin is im- 
paired and hepatic degradation of insulin is inhibited. 
e. After the institution of dialysis, the situation is complex. Insulin sensitivity improves (hypoglycemia), but the degradation of insulin is enhanced (hy- 
perglycemia); however, most insulin-treated diabetics who are started on dialysis experience an increase in their daily insulin requirement. 
6. Dialysis 
a. One in every three patients beginning dialysis in the United States has diabetes. 
b. Diabetic patients do significantly worse on dialysis than do nondiabetic persons. 
c. The increased mortality in diabetic patients treated with dialysis is largely due to cardiovascular deaths resulting from myocardial infarction and stroke. 
Other complications include peripheral vascular disease, infections, psychiatric problems, and progressive retinopathy and neuropathy. 
d. Diabetic patients treated with peritoneal dialysis appear to do as well as those treated with hemodialysis. 
7. Transplantation 
a. If a well-matched, living, related donor can be found, renal transplantation is the preferable mode of therapy in most people with diabetes. 
b. Survival statistics with kidneys transplanted from a haplotype-identical relative or unrelated donor are similar to those obtained with hemodialysis. 
8. Protein restriction 
a. There are good data in animals that show that a low-protein diet slows the progression of diabetic renal disease. 
b. In small uncontrolled studies in humans, a low-protein diet has been shown to slow the progression of established diabetic renal disease. 
c. Ina large, well-controlled, prospective study, a low-protein diet did not alter the rate of decline in GFR. In this study, the majority of patients were on 
an antihypertensive agent (ACE inhibitor or calcium channel blocker). It is likely that a low-protein diet has no added beneficial effect beyond that af- 
forded by the ACE inhibitor or a calcium channel blocker. 
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Source: Modified from DeFronzo RA: Diabetes and the kidney. In: Olefsky JM, Shewin RS. cds. Diabetes Mellitus: Management and Complications, Churchill Livingstone: 
1985;189. 
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of the insulin resistance syndrome, which is a common ac- Joint National Committee recommends a blood pressure goal of 


companiment in patients with T2DM. 

Hypertension markedly accelerates the progression of diabetic 
nephropathy in both TIDM and T2DM patients.'**'*°'4! There- 
fore, it is essential that all patients with diabetes have their blood 
pressure normalized. Even mild hypertension (130/90 mm Hg) 
should not be tolerated in these patients. The Sixth Report of the 
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130/85 mm Hg in patients with diabetes. "° This is consistent with 
the recommendation of the American Diabetes Association. The 
Hypertension Optimal Treatment (HOT) trial, which compared the 
achievement of a diastolic blood pressure less than 80 versus <85 
and <90 mm Hg, concluded that the optimal blood pressure in pa- 
tients with diabetes in order to prevent macrovascular complica- 


FIGURE 43-11. Effect of antihypertensive treatment (solid 
circles) on blood pressure, glomerular filtration rate, and 
albuminuria in type | diabetic patients. The rate of decline 
in GFR and the rate of rise in albuminuria before and after 
the start of antihypertensive therapy (open circles) were 
markedly slowed by effective reduction of the arterial blood 
pressure. (Reproduced with permission from Parving et al.'**) 
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(mm Hg) 
FIGURE 43-12. The decline in glomerular filtration rate (GFR) as a func- 
tion of the mean arterial blood pressure in 301 consecutive type | diabetic 
patients who were followed for 7 years (range = 3-14 years). For any given 
blood pressure. elevated serum cholesterol and HbA,, levels and an in- 
creased rate of urinary albumin excretion accelerated the decline in GFR. 
(Reproduced with permission from Hovind et al.!"") 


tions should be less than 120-130/80 mm Hg.'™ The National Kid- 
ney Foundation Hypertension and Diabetes Working Group also 
recommends a diastolic blood pressure of <80-85 mm Hg in 
patients with diabetes based upon a review of clinical trials relating 
the achieved blood pressure to decline in GFR (Fig. 43-13)" In 
the author’s opinion, the goal of antihypertensive therapy should 
be to reduce the blood pressure to what the patient’s level was be- 
fore the onset of hypertension or renal disease. In some cases, this 
may be lower than 120/80 mm Hg. If the patient’s blood pressure 


TABLE 43-4. Effect of Antihypertensive Treatment with Captopril 
on Renal Function and Outcome in Patients with Renal 
Insufficiency (Serum Creatinine <2.5 mg/dL) and Proteinuria 
(>500 mg/d) 


Doubling Time Renal Mortality, 
of Serum Dialysis, or 
Creatinine (Months) Transplantation (No.) 
Placebo 25 42 
Captopril 43* 23* 


*p < 0.001 vs. placebo. 


Source: Adapted from Lewis er al.'" 
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FIGURE 43-13. Relationship between achieved mean arterial blood pressure 
(MAP) control and the decrease in glomerular filtration rate (GFR) in nin 
long-term, antihypertensive clinical trials of diabetic (n = 6) and nondia 
betic (n = 3) renal disease. These trials suggest that to maximally preserve 
renal function, the blood pressure should be reduced to less than 130/85 mr 
Hg. and ideally to 120/80 mm Hg. (Adapted from Bakris et al.'*) 
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before the onset of hypertension or renal impairment is not known, 
then the goal of 120/80 mm Hg is appropriate. Special care should 
be taken in normalizing the blood pressure in elderly patients, es- 
pecially those with underlying cardiovascular disease. Hyperten- 
sion in patients with diabetes is very volume sensitive. Therefore, a 
low sodium diet should be used to initiate therapy.'**'** The char- 
acteristics of the ideal antihypertensive drug for the treatment of 
hypertension in patients with diabetes is shown in Table 43-5. Be- 
cause hypertension in these patients is very volume sensitive, di- 
uretics would appear to be a logical first-line choice. However, this 
class of drugs, particularly at higher doses, may aggravate insulin 
resistance, impair insulin secretion, and cause dyslipidemia. "6'57 
Because of these adverse effects on glucose tolerance and plasma 
lipid levels, if thiazide diuretics are to be used as first-line agents in 
the treatment of the hypertensive diabetic, they should be used in 
low doses (i.e., less than 25 mg per day of hydrochlorothiazide), 
and plasma glucose and lipid levels should be monitored closely 
after institution of therapy." '5156157 In patients with edema or 
renal insufficiency. a diuretic usually is required to normalize the 
blood pressure. If the serum creatinine concentration is more than 
2 mg/dL, a more potent loop diuretic will be required. B-Adrenergic 
antagonists, especially the nonspecific B-blockers, should be used 
with caution in diabetic patients. They can impair insulin secretion 
and worsen glucose tolerance in patients with T2DM. In patients 
with TIDM, B-blockers may cause hypoglycemia by inhibiting 


TABLE 43-5. The Ideal Antihypertensive Drug in Diabetes 
Mellitus 


Is metabolically “neutral” and does not inhibit: 
Insulin secretion 
Insulin action 
Hepatic glucose production 
Counterregulatory hormone relcase 
Does not: 
Cause or mask symptoms of hypoglycemia 
Aggravate dyslipidemia 
Promote orthostatic hypotension 
Aggravate coronary/peripheral vascular disease 
Dees: 
Specifically preserve renal function 
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hepatic glucose production and impairing the counterregulatory 
hormone response to hypoglycemia. B-Blockers may also mask the 
clinical symptoms of hypoglycemia, and they can aggravate dia- 
betic dyslipidemia and underlying peripheral vascular disease in 
both type 1 and type 2 patients. Despite these concerns, the results 
of the UKPDS! demonstrated that after 9 years, treatment with 
atenolol (a selective 8,-antagonist) was as effective as captopril in 
reducing overall mortality, macrovascular complications (myocar- 
dial infarction, stroke, peripheral vascular disease), and microvas- 
cular complications (primarily retinopathy). Dyslipidemia and 
glycemic control were not aggravated by atenolol. The failure to 
observe any adverse metabolic effects during atenolol treatment 
most likely is related to its B, selectivity and the low daily dose that 
was employed. 

Elevated intraglomerular pressure is a characteristic feature 
of the diabetic kidney, and this alteration in renal hemodynam- 
ics is in part related to increased sensitivity of the efferent arteri- 
ole to angiotensin II.°° Consequently, the angiotensin-converting 
enzyme (ACE) inhibitors have gained widespread acceptance 
as the drug of choice in the treatment of the hypertensive diabetic, 
especially if proteinuria or renal insufficiency is present.°>>’>*** 
990.134.140.144 146.149.154.155 ACE inhibitors also have been shown to 
retard the progression of albuminuria and decline in GFR in type 
1 (Fig. 43-14) and type 2 (Fig. 43-15) patients with microalbu- 
minuria,555885.90.132.144.146,154.155.159-166 parying!43145 has demon- 
Strated a sustained protective effect of captopril in patients with 
T1DM over a follow-up period of 10 years. In short-term studies 
the antiproteinuric effect of the angiotensin II receptor blockers 
and ACE inhibitors has been shown to be similar in patients with 
and without diabetes with renal disease.'*’ An added advantage of 
the ACE inhibitors is that they may improve insulin sensitivity and 
may have a beneficial effect on the plasma lipid profile. 16157-166 

Most recently, two long-term prospective studies have demon- 
strated the effectiveness of the angiotensin II receptor blockers 
losartan and irbesartan in slowing the progression of renal failure 
in patients with T2DM (Fig. 43-16), 108-178 Some authorities have 
suggested that the angiotensin receptor blockers may be more ef- 
fective than the ACE inhibitors, since the latter reduce only ACE- 
dependent angiotensin II production, whereas the receptor blockers 
inhibit the effect of angiotensin II from any source. However, the 
renal protective effects of losartan’® and irbesartan'™'” appear to 


FIGURE 43-14. Effect of captopril versus placebo therapy on albumin ex- 
cretion rate (AER) in 225 type | diabetic subjects with microalbuminuria. 
Twenty-five of 114 (22%) placebo-treated and 8 of 111 (7%) captopril- 
treated patients progressed to persistent clinical albuminuria over 2 years, 
(p < 0.01). (Reproduced with permission from The Microalbuminuria Cap- 
topril Study Group.'*) 
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FIGURE 43-15. Effect of enalapril treatment on the progression of microal- 
buminuria in normotensive type 2 diabetic patients. (Reproduced with per- 
mission from Ravid et al.) 


FIGURE 43-16. Effect of irbesartan versus placebo therapy on albumin ex- 
cretion rate (AER), creatinine clearance, and mean arterial blood pressure 
in 395 hypertensive type 2 diabetic patients with microalbuminuria. Thirty 
of 201 (15%) placebo-treated and 10 of 194 (5%) irbesartan-treated patients 
progressed to persistent proteinuria over 2 years (p < 0.001). (From Parv- 
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be no greater than those of the ACE inhibitors.” Moreover, there 
is experimental evidence to suggest that elevated kinins (not ob- 
served with the angiotensin receptor blockers) may be responsible 
for some of the renal protective effects of the ACE inhibitors.'”! 
The evidence from experimental models of diabetic and nondia- 
betic renal disease indicates that the ACE inhibitors and an- 
giotensin receptor blockers afford equivalent renal protection de- 
spite differences in the site of inhibition of the renin-angiotensin 
system. Although combination therapy with an ACE inhibitor and 
an angiotensin receptor blocker has been suggested, there are no 
long-term data in humans to support such an approach. 

The calcium channel blockers and postsynaptic a-adrenergic 
blockers also effectively lower blood pressure in patients with dia- 
betes, and have been shown to exert a beneficial effect on renal 
function in patients with proteinuria.°*'**!5*!7?-!”7 Some evidence 
suggests that an ACE inhibitor plus a calcium channel blocker may 
provide an additive effect in preventing the progression of renal 
disease.'”*"*° Moreover, when ACE inhibitors are used with cal- 
cium channel blockers, this combination has resulted in a reduction 
in cardiovascular events.'**:'*! The calcium channel blockers have 
no adverse effects on either glucose or lipid metabolism, while the 
a-blockers improve insulin insensitivity and promote a less athero- 
genic plasma lipid profile. >!” 

In summary, the ACE inhibitors or angiotensin receptor block- 
ers, along with the calcium channel antagonists and the a-blockers, 
should be considered the agents of choice in treating the hyperten- 
sive diabetic patient. Since the treatment of hypertension is the sin- 
gle most important factor in preventing the progression of diabetic 
nephropathy,” and since the ACE inhibitors appear to provide 
a modest additional benefit beyond their antihypertensive ac- 
tion!**:'4°-'5? by their effects on intrarenal hemodynamics” and 
nonhemodynamic mechanisms,” it is the author’s opinion that the 
ACE inhibitors are the drugs of choice in treating hypertensive pa- 
tients with diabetes and evidence of renal disease. 


Microalbuminuria 


Microalbuminuria (albumin excretion rate of 30-300 mg/d) rep- 
resents the earliest detectable stage of diabetic nephropathy (Fig. 
43-3). Type 15°5°6!05 and type 255858699-101.105 Patients with mi- 
croalbuminuria have a 20-fold and a 5-fold increased risk, respec- 
tively, of developing clinical proteinuria (>300 mg/d of albumin) 
or diminished GFR within a period of 10 years. Treatment of mi- 
croalbuminuria with an ACE inhibitor has been shown to signifi- 
cantly reduce the rate of microalbumin excretion and retard the 
progression of microalbuminuria to clinical proteinuria (albumin 
excretion rate >300 mg/d) in both type 1 and type 2 patients.'** 
160-162.167.182-192 ACE inhibitors also decrease the incidence of car- 
diovascular disease in both hypertensive and normotensive individ- 
uals with diabetes.'*'"4 

Atthe time that microalbuminuria is first detected, the blood pres- 
sure is normal or only modestly elevated. Therefore, in many patients 
with diabetes, the treatment of microalbuminuria must focus on re- 
ducing the level of albumin excretion and not on lowering the blood 
pressure. All diabetic patients should have an annual test for microal- 
buminuria. This can be done using a timed urine collection (e.g.. over 
24 hours) or by checking the microalbumin: creatinine ratio or micro- 
albumin concentration (Micral Dipstix, Roche Diagnostics) on a 
first-voided morning urine specimen. If microalbuminuria is de- 
tected, the author prefers to base future therapeutic interventions 
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on the 24-hour microalbumin excretion rate or on the micro- 
albumin: creatinine ratio (Table 2). After quantitating the rate of 
microalbumin excretion, the patient is started on the ACE inhibitor of 
choice (e.g., captopril, 12.5 mg three times a day; enalapril, 5 mg/d; 
monopril, 10 mg/d) and a repeat urine microalbumin determination 
is performed in 6-8 weeks. If microalbuminuria is diminished but 
still present, the dose of the ACE inhibitor should be increased (e.g., 
captopril by 12.5 mg three times a day; enalapril by 5 mg/d; monopril 
by 10 mg/d) every 6-8 weeks until the microalbuminuria disappears 
or the microalbumin excretion rate remains unchanged over three 
successive dose titrations. The ACE inhibitors produce a maximum 
or near maximum reduction in microalbumin excretion rate within 
6-8 weeks. If a beneficial effect of the ACE inhibitor is observed, 
therapy should be continued for life, since withdrawal of the ACE in- 
hibitor will lead to a retum of the microalbuminuria. 


Urinary Tract Infection 


The incidence of urinary tract infection is increased in patients 
with diabetes, especially those with glucosuria. High urine glucose 
concentrations provide an excellent culture medium for bacteria 
and inhibit WBC function. Therefore, it is important that a urinaly- 
sis be performed on each clinic visit. If white blood cells or bac- 
teriuria are noted, a urine culture should be done. Periodic urine 
cultures should be obtained, and positive cultures should be treated 
with an appropriate bactericidal antibiotic. 


Neurogenic Bladder 


Neurogenic bladder is not uncommon in patients with longstanding 
diabetes, especially in individuals with other evidence of neuropa- 
thy. Since the symptoms may be mistaken for prostatic hypertro- 
phy, the clinician must have a high index of suspicion to establish 
the diagnosis of neurogenic bladder. In addition to the history, re- 
peated bouts of urinary tract infection should provide a clue to 
the diagnosis. If the presence of a neurogenic bladder is confirmed 
by cystometrogram, the patient should receive instruction in the 
Crede manual voiding maneuver, which should be performed every 
6-8 hours. Agents such as bethanechol also may be tried. In some 
patients with diabetes, adrenergic drugs (i.e., phenoxybenzamine) 
have proven useful. The success of these various medical interven- 
tions can be evaluated by determining the postvoid residual vol- 
ume. If medical therapy proves unsuccessful, intermittent, straight 
catheterization should be performed at least 2-3 times daily. 


Intravenous Pyelography 


Diabetic patients are at increased risk to develop acute renal failure 
after radiocontrast procedures (e.g., arteriography, cholangiogra- 
phy. intravenous and retrograde pyelography, computed tomo- 
graphic scanning).'®° This adverse event is observed less frequently 
with the newer contrast agents, but still remains a concern. Patients 
with impaired renal function (i.e., serum creatinine >2 mg/dL) or 
heavy proteinuria are at greatest risk. With the judicious use of 
ultrasound, radionuclide studies, and computed tomographic scan- 
ning without contrast, most of the information necessary to ensure 
adequate diagnosis and treatment can be obtained. If patients with 
diabetes must receive radiocontrast dye. hydration with normal 
saline should be started 12-24 hours prior to the procedure. '”° 
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Blood Glucose Control 


Glycemic Control 

Diabetic nephropathy and other microvascular complications 
(retinopathy and neuropathy) are reduced in individuals who have 
maintained a lifetime of near normoglycemia. The product of the 
mean day-long blood glucose concentration (as reflected by the he- 
moglobin A,.) and the duration of diabetes provides an index of the 
total hyperglycemic burden and is the best predictor of microvascu- 
lar complications. ''':!%” Poor glycemic control is a major risk factor 
for diabetic nephropathy in both type | and type 2 patients’® 5885. 
123.197.198 and diabetic nephropathy is uncommon when the glyco- 
sylated hemoglobin is maintained below 7.0%.°' In the Diabetes 
Control and Complications Trial**** intensive glycemic control 
with insulin in type 1 patients markedly decreased the risk of 
Microvascular complications (Fig. 43-4). In type 2 patients, im- 
proved glycemic control with insulin“® or oral agents** was 
equally effective in decreasing the risk of microalbuminuria, as 
well as other microvascular complications. A similar conclusion 
was reached from the meta-analysis of several smaller clinical stud- 
ies.’ Combined pancreatic and renal transplantation has been 
shown to prevent the recurrence of diabetic nephropathy in the 
transplanted kidney as long as the pancreatic transplant functions 
normally.'*”?” Conversely, the transplantation of kidneys with es- 
tablished diabetic nephropathy into patients without diabetes leads 
to a reversal of the renal disease.*° The important role of tight 
glycemic control in the prevention of diabetic nephropathy has 
been conclusively established in many animal models of dia- 
betes.27-32:20! 

Despite the encouraging results observed with intensive insulin 
therapy in diabetic animal models and from pancreatic transplanta- 
tion in man and animals, the initiation of tight glycemic control 
after the onset of overt proteinuria (>300 mg/d of albumin) or renal 
insufficiency generally has been ineffective in halting the relentless 
progression to end-stage renal failure in T1IDM.29-59.0.125.202.203 
These findings suggest that intensive glycemic control in humans is 
most effective when started early,’ i.e., prior to or during the 
phase of microalbuminuria (30-300 mg/d; see Fig. 43-3) and be- 
fore the advanced histologic lesions of diabetic nephropathy have 
become well established. Based upon the available evidence, it is 
recommended that the hemoglobin A,, in diabetic patients with 
microalbuminuria and without an elevated creatinine be maintained 
less than 7% and ideally less than 6% (Table 43-6). In patients with 
diabetes having normal serum creatinine and albumin excretion 
rates greater than 300 mg/dL, strict glycemic control (HbA,, 
<7.0%) is recommended because the level has not been estab- 
lished at which intensified glycemic control of albuminuria is no 
longer is capable of preventing the progression of renal disease, 
and because progression of retinopathy and neuropathy still re- 
mains a concern. In diabetic patients with renal insufficiency 
(serum creatinine =2.0 mg/dL), a hemoglobin A,, level lower than 
7% is desirable, but 7-8% may be acceptable. 


Changes in Insulin Degradation 
and Insulin Sensitivity 


In patients without diabetes with renal insufficiency, moderate 
to severe insulin resistance is a nearly universal finding.” The de- 
fect in insulin action resides in peripheral tissues, primarily mus- 
cle.” Therefore it is not uncommon to observe a deterioration in 
glycemic control with the advent of renal insufficiency in both type 1 
and type 2 patients. However, when the GFR decreases to 15-20 
mL/min, both the renal (loss of nephron mass) and hepatic (uremia 
inhibits insulin degradation by the liver) clearance of insulin become 
markedly reduced. At this stage, it is common to observe an im- 
provement in glucose tolerance because the insulin, which normally 
would be degraded by the liver and kidneys, is returned to the sys- 
temic circulation. If the insulin (or sulfonylurea) dose is not appro- 
priately reduced, hypoglycemia may ensue and some patients may 
even cease to require insulin (or sulfonylureas). After the institution 
of hemodialysis therapy, a complex sequence of events ensues. Dial- 
ysis enhances the body’s sensitivity to insulin, decreasing insulin re- 
quirements.””° However, dialysis also returns hepatic insulin degra- 
dation toward normal, increasing the need for insulin.” Moreover, 
the stress of dialysis and a tendency for weight gain may increase in- 
sulin requirements. In any given uremic patient with diabetes who is 
started on dialysis, it is difficult to predict what will happen to the in- 
sulin requirements. In general, most patients experience an increase 
in insulin requirements when dialysis is initiated because of the re- 
lease of insulin-antagonistic hormones in response to fluid shifts. 

From the preceding discussion, it is obvious that the physician 
must be careful in selecting oral hypoglycemic agents for the treat- 
ment of patients with diabetes with impaired renal function.” The 
ideal oral agent should not enhance insulin secretion, and the me- 
tabolism of the oral agent should not be influenced by diminished 
kidney function. Based upon these theoretical considerations, in- 
sulin sensitizers, such as thiazolidinediones (rosiglitazone and pi- 
oglitazone) appear to be ideal candidates, but there are no published 
data with this class of drugs in patients with chronic renal failure. Of 
interest, troglitazone (which is no longer approved for use as 
monotherapy because of associated liver toxicity) has been shown 
to correct albuminuria in streptozocin diabetic rats?” and to halt di- 
abetic glomerulosclerosis by blockade of mesangial expansion.” 
Preliminary studies in human T2DM suggest that the thiazolidine- 
diones also can reduce microalbuminuria. Metformin, an insulin 
sensitizer, is excreted via the kidneys and should not be used if the 
serum creatinine is greater than 1.4 mg/dL in females or 1.5 mg/dL 
in males, corresponding to a GFR of ~70 mL/min.” Accumulation 
of the biguanide in plasma and tissues may lead to lactic acidosis. 
Until recently, the only truly short-acting insulin secretagogue was 
glipazide, which is not available in the U.S. Glipizide is almost en- 
tirely metabolized by the liver and its metabolites are inactive.7!° 
Therefore it is well suited for use in patients with diabetes with 
chronic renal failure (CRF). Glimiperide also can be used in CRF 
patients.”"' Glyburide should be avoided since it has a long half-life, 


TABLE 43-6. Recommend Levels of Glycemic Control in Diabetic Individuals 


Type 1 Type 1 
Diabetes: Diabetes: Type 2 Type 2 
Normal Intensive Acceptable Diabetes: Diabetes: 
Control Control Control Control Intensive Acceptable 
Premeal blood glucose (mg/dL) ~90 80-120 <140-160 <110 126 
Hemoglobin A, (%) 4.0-6.0 <7.0 <6.0 <7.0 
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and its metabolites have hypoglycemic activity and are excreted in 
the urine.”!° Because all sulfonylureas stimulate insulin secretion, 
titration should be slow (every 2 weeks or more) in patients with 
CRF. Repaglinide and nateglinide are new nonsulfonylurea insulin 
secretagogues that belong to the meglitinide class of drugs.”'” These 
agents are short acting and must be given 3 times per day before 
meals. The meglitinides undergo hepatic metabolism to inactive 
products that are excreted in the bile. Because of these characteris- 
tics, the meglitinides are well suited for use in diabetic patients with 
impaired renal function. Acarbose is not approved for use in patients 
with diabetes with an elevated serum creatinine. Insulin therapy al- 
ways remains an option for the treatment of patients with chronic 
renal insufficiency, but the physician must be aware of the alter- 
ations in insulin metabolism discussed above. Although HbA,, lev- 
els may be slightly reduced in diabetic patients with advanced renal 
disease because of shortened red blood cell survival, it remains the 
best tool for assessing glycemic control in diabetic patients.”! ; 


Hypoglycemia in Chronic Renal Failure 

and Dialysis Patients 

Spontaneous hypoglycemia has been reported in patients with 
CRF with or without diabetes. However, the pathogenic mecha- 
nisms responsible for the hypoglycemia have not been elucidated. 
In insulin-treated type | patients, hypoglycemia most commonly 
results from excessive insulinemia secondary to impaired insulin 
degradation by the kidneys and the liver. However, in type 2 pa- 
tients (who are not on insulin or an oral insulin secretagogue) and 
in patients without diabetes with chronic renal failure, plasma in- 
sulin levels are only modestly elevated, and the hyperinsulinemia 
cannot explain the profound hypoglycemia that has been reported 
in some patients with chronic renal insufficiency. It is likely that 
these patients have a defect in hepatic glucose production. De- 
creased hepatic glucose production secondary to diminished ala- 
nine availability for gluconeogenesis has been documented in a 
single uremic diabetic patient with spontaneous hypoglycemia.”"* 
However, the frequency with which decreased alanine availability 
contributes to spontaneous hypoglycemia is unclear. Severe hypo- 
glycemia also has been reported in patients without diabetes on 
chronic maintenance hemodialysis”'> in the absence of malnour- 
ishment or elevated plasma insulin levels. Of note, all of these pa- 
tients were on propranolol. Although propranolol can cause hypo- 
glycemia by inhibiting hepatic glucose production, symptomatic 
hypoglycemia does occur in hemodialysis patients who are not tak- 
ing B-adrenergic blocking agents. 


Peritoneal Dialysis, Glucose Absorption, 

and Insulin Requirements 

Standard hemodialysate solutions contain no glucose. How- 
ever, there has been considerable interest in continuous ambulatory 
peritoneal dialysis (CAPD), especially in patients with diabetes. 
Because dialysis is performed continuously, and the dialysis fluid 
contains hypertonic glucose, glucose absorption is considerable. 
During CAPD in patients without diabetes, plasma glucose levels 
usually do not rise above 160-180 mg/dL. However, in patients 
with diabetes who are both insulin resistant and insulin deficient, 
severe hyperglycemia presents a significant problem with this 
mode of therapy. To prevent the development of excessive hyper- 
glycemia, insulin is added to the dialysis fluid, and intraperitoneal 
insulin administration has been employed effectively to achieve ex- 
cellent glucose control. However, insulin requirements usually are 
increased two- to fourfold with CAPD. In addition to the increased 


DIABETIC NEPHROPATHY 


glucose load, the presence of obesity and loss of endogeno 
sulin secretion (which is related to the duration of diabetes) 

late closely with the increased insulin requirements in CAP 
tients.?'° It is best to start patients on CAPD in the hospital s 
so that optimal glucose control can be achieved within the sh 
time and without hypoglycemic or hyperglycemic complicati 


Protein Restriction 


Low-protein diets have been advocated to slow the progressi 
chronic renal failure.?!” The use of protein-restricted diets is | 
on two assumptions: (1) the “adaptive” increases in intraglor 
lar pressure and renal blood flow that occur after a reducti 
renal mass play a pathogenic role in the progressive injury t 
maining nephrons, and (2) the “adaptive” changes in renal h 
dynamics can be prevented by protein restriction, leading t 
preservation of renal function. 

In both diabetic and nondiabetic rats, when renal mass i 
duced by a variety of experimental maneuvers, there is an initia 
bilization of renal function which results from an increase in sil 
nephron glomerular plasma flow and intraglomerular pres: 
These changes in renal hemodynamics combine to augment the 
gle-nephron GFR.”'* However, on a long-term basis these “a 
tive” changes are followed by a progressive decline in GFR sec: 
ary to the chronic elevation in intraglomerular pressure, w 
causes severe glomerular sclerosis and heavy proteinuria. W 
rats with a single remnant kidney are placed on a low-protein | 
the rises in single-nephron GFR, glomerular plasma flow, and t 
scapillary hydraulic pressure are prevented, glomerular functic 
markedly improved, and kidney survival is prolonged. Basec 


„these results in animals, a number of studies have exami 


whether a low-protein diet in humans also will have a palliative 
fect on the progression of renal failure.” ”™?" Most of these e 
studies were uncontrolled and involved small numbers of patie 
few of whom had diabetes. Nonetheless, the results consiste: 
demonstrated that institution of a low-protein diet slowed the 
cline in GFR in patients with advanced renal failure. More recer. 
a well-controlled prospective study involving 840 patients v 
renal disease of diverse etiology has been completed???” (Fig. 
17). Insulin-requiring patients with diabetes were not includec 
the study and diet-treated and sulfonylurea-treated patients w 
not analyzed separately. After 3 years, no difference in the | 
of decline in GFR was observed between the patients receiv 


FIGURE 43-17. Effect of low-protein diet on the rate of decline in glom 
lar filtration rate (GFR) in patients with chronic renal disease of diverse 
ology, including T2DM. (Reproduced with permission from Klahr et al. 
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the low-protein diet (0.58 g/kg) and those maintained on a normal 
protein intake (1.3 g/kg). The failure of this large prospective 
study”’*?*? to demonstrate any beneficial effect of a low-protein 
diet stands in contrast to many previously published studies with 
smaller numbers of patients.”!*?*! It is likely that any beneficial ef- 
fect of the low-protein diet in this large prospective study was ob- 
scured by the concomitant use of antihypertensive medications, 
which were taken by 80% of participants. Moreover, 44% of the 
study population was taking ACE inhibitors, which have a specific 
renal protective effect in patients with or without diabetes. Based 
upon these results, it seems prudent to recommend modest protein 
restriction (~ 1.0 g/kg/d) in patients with diabetes who are taking an 
ACE inhibitor or calcium channel blocker, while reserving more se- 
vere protein restriction (0.6 g/kg/d) for patients who are not taking 
any antihypertensive medications. These severely restricted protein 
diets are associated with poor patient compliance and require close 
dietary supervision. If a very low protein diet is used, this can lead 
to negative nitrogen balance and acceleration of muscle protein 
breakdown, with the development of clinically manifest myopathy. 


Dyslipidemia 


Type 2 and poorly controlled type 1 patients with normal renal 
function commonly have dyslipidemia, characterized by hyper- 
triglyceridemia, reduced HDL cholesterol, small dense LDL parti- 
cles, and postprandial hyperlipidemia.'*' In patients with diabetes 
and renal insufficiency, the dyslipidemia is aggravated, and in pa- 
tients with heavy proteinuria, elevated LDL cholesterol and marked 
hypertriglyceridemia commonly are observed.” When patients 
are started on dialysis, the dyslipidemia usually worsens.” Pa- 
tients with diabetes and impaired renal function are at extremely 
high risk of developing heart attacks and stroke?®!®!:!02-225 (Fig, 43- 
4), and dyslipidemia represents a major risk factor for cardiovascu- 
lar disease in this population.****?” The great majority of patients 
with diabetes on dialysis have some form of dyslipidemia, and car- 
diovascular disease is epidemic in this group.*??*-??? Therefore, it 
is imperative that all patients with diabetes, whether they have nor- 
mal renal function, impaired renal function, or are on dialysis, re- 
ceive aggressive dietary and pharmacologic treatment for their dys- 
lipidemia. The goal of therapy is to reduce the LDL cholesterol and 
triglycerides to less than 100 mg/dL and 200 mg/dL, respectively. 
This can be achieved with diet, HMG-CoA reductase inhibitors, 
and fibric acid derivatives.””*? The HDL cholesterol should be in- 
creased to at least 45 mg/dL, but this is often difficult to achieve 
with pharmacologic therapy. Exercise and the thiazolidinediones 
(although not approved for this indication) are particularly effica- 
cious in increasing the plasma HDL cholesterol concentration. 

Hyperlipidemia has also been implicated as a causative factor 
in the progression of diabetic nephropathy.”*?-2> In a number of 
animal models of progressive renal disease, including diabetic 
nephropathy, lipogenic diets worsen, while cholesterol-lowering 
medications ameliorate renal injury.22°**8 Although there has been 
no large interventional study examining the effect of cholesterol re- 
duction on nephropathy, several small, well-controlled studies have 
been performed. A meta-analysis of these studies”? demonstrated 
that reduction of the plasma cholesterol concentration significantly 
slowed the rate of decline of GFR, regardless of the lipid-lowering 
agent that was used or the etiology of the renal disease. Thus pa- 
tients with diabetes should receive aggressive antilipidemic therapy 
for the prevention of cardiovascular complications and possible 
protection against progressive renal deterioration. 


Dialysis 


Once end-stage renal failure occurs, the patient and physician must 
choose from one of four options: hemodialysis, peritoneal dialysis, 
CAPD," or renal transplantation.” 

One of the most important questions that the physician faces is 
when to initiate dialysis in the patient with diabetes and advanced 
renal insufficiency. Vascular access and dialysis should be insti- 
tuted earlier in patients with diabetes than in those without for 
many reasons. Once the serum creatinine concentration has in- 
creased to 3—4 mg/dL, there is a rapid deterioration in renal func- 
tion, and most patients with diabetes require dialysis within 6-12 
months. In general, patients with diabetes tolerate uremia less well 
than those without diabetes. In particular, there often is a marked 
acceleration of diabetic retinopathy and neuropathy. Glycemic con- 
trol becomes more difficult, and negative nitrogen balance, protein 
wasting, and myopathy may become significant management prob- 
lems with advancing uremia. Because of sodium retention, hyper- 
tension also becomes more difficult to control. All of these compli- 
cations are easier to manage if dialysis is instituted early.” 
Vascular access should be established when the serum creatinine 
reaches 4-5 mg/dL, and dialysis initiated at creatinine levels of 
6-8 mg/dL. Although hemodialysis is the most frequently em- 
ployed form of dialysis therapy in all patients with end-stage renal 
failure, it does not appear to be superior to any other dialysis tech- 
nique. Morbidity and mortality statistics are similar with intermit- 
tent peritoneal and chronic ambulatory peritoneal dialysis.$°?? 
Regardless of the type of dialysis chosen, survival in patients with 
diabetes is much worse than in patients without diabetes.” 

Nutritional management of the patient with diabetes on dialysis 
requires special attention. Many diabetics are malnourished before 
starting dialysis, and achieving a positive nitrogen balance may be 
difficult. Patients should receive 37.5-40 kcal/kg of ideal body 
weight, with about half of the calories given as carbohydrates, pri- 
marily complex ones. The achievement of positive nitrogen balance 
requires at least 1.5 g/kg/d of high-biologic-value protein. With this 
intake, most insulin-requiring patients on dialysis require a split, 
mixed insulin regimen to achieve adequate glucose control. A 
morning and evening injection of long-acting insulin (i.e., NPH) or 
a single injection of glargine insulin is usually required. The long- 
acting insulin should be administered with sufficient quantities of 
regular or very-rapid-acting insulin to cover the postprandial glu- 
cose excursions. After dialysis is initiated, the total daily insulin re- 
quirement usually increases by 50-100%.”"' Because of frequent, 
unpredictable fluctuations in glucose control, it is essential that pa- 
tients with diabetes perform home blood glucose monitoring. 


Renal Transplantation 


Results from the United States Renal Data System??*??! indicate 
that patients with diabetes who are treated by kidney transplanta- 
tion, especially if the kidney is donated by a living donor, have a 
much better survival than those who are placed on dialysis. If a 
human leukocyte antigen (HLA)-identical donor can be found, the 
chances of long-term patient survival are far superior to those of 
dialysis. HLA-nonidentical recipients also do better than patients 
with diabetes treated with dialysis. Long-term survival with cadav- 
eric renal transplantation is slightly better than with dialysis. There- 
fore, in the absence of an HLA-related donor, the choice between 
dialysis and transplantation must be individualized for each patient 
with diabetes. Although combined pancreatic/kidney transplanta- 
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tion is at an early stage, recent results 


242.243 Suggest that this newer 


therapeutic option results in lower mortality than dialysis or kidney 


transplantation alone for patients with TID 


M,”4?"43 and it may be 


beneficial in preventing the recurrence of diabetic nephropathy in 
the transplanted kidney (see Chap. 55).°” Newer immunosuppres- 
sive regimens may bring further improvements in patient survival 
after cadaveric renal transplantation. 


REFERENCES 


21. 


22. 


. Krolewski AS. Warram JH, Rand LI, er al: Epidemiologic approach to 


the etiology of type | diabetes mellitus and its complications. N Engl 
J Med 1987;317:1390. 


. Krolewski M, Eggers PW. Warram JH: Magnitude of end-stage renal 


disease in IDDM: A 35 year follow-up study. Kidney Int 1997; 50: 
2041. 


. Harris MI, Flegal KM, Cowie CC, er al: Prevalence of diabetes, im- 


paired fasting glucose, and impaired glucose tolerance in U.S. adults. 
The Third National Health and Nutrition Examination Survey, 1988- 
1994. Diabetes Care 1998;21:518. 


. Ballard DJ, Humphrey LL, Nelton LJ, er al: Epidemiology of persis- 


tent proteinuria in type II diabetes mellitus: Population-based study in 
Rochester, Minnesota. Diabetes 1988;37:405. 


. Teutsch S, Newman J, Eggers P: The problem of diabetic renal failure 


in the United States: An overview. Am J Kidney Dis 1989;13:11. 


. Pugh JA, Stern MP, Haffner SM, er al: Incidence of end-stage renal 


disease secondary to diabetes mellitus in Mexican-Americans and 
non-Hispanic whites. Am J Epidemiol 1987;127:135. 


. Hawthorne V, Hamman R, Keen H. et al: Preventing the kidney dis- 


ease of diabetes mellitus. Am J Kidney Dis 1989;13:2. 


. Agodoa LY, Jones CA, Held PJ: End-stage renal disease in the USA: 


Data from the United States Renal Data System. Am J Nephrol 1996; 
16:7. 


. United States Renal Data System: USRDS 1998 Annual Data Report. 


National Institutes of Health, National Institutes of Diabetes and Di- 
gestive and Kidney Diseases, Bethesda. MD, 1998. Am J Kidney Dis 
1998;32(suppl 1):S1. 


. United States Renal Data System: USRDS 1999 Annual Data Report: 


The economic cost of ESRD and Medicare spending for alternative 
modalities of treatment. Am J Kidney Dis 34(suppl 1):8124. 


. Kimmelstiel P, Wilson C: Intercapillary lesions in glomeruli of kid- 


ney. Am J Pathol 1936:12:83. 


. Osterby R. Gundersen HJG. Horlyck A, er al: Diabetic glomerulopa- 


thy: Structural characteristics of the early and advanced stages. Dia- 
betes 1983:32:79. 


. Fioretto P, Steffes MW, Sutherland DER, et al: Sequential renal biop- 


sies in insulin dependent diabetic patients: Structural factors associ- 
ated with clinical progression. Kidney Int 1995;48:1929. 


. Ziyadeh FN: The extracellular matrix in diabetic nephropathy. Am J 


Kidney Dis 1993;22:736. 


. Stefles MW, Bilous RW. Sutherland DER, ef al: Cell and matrix com- 


ponents of the glomerular mesangium in type | diabetes. Diabetes 
1992:41:679, 


. Spiro RG: Biochemistry of the renal glomerular basement membrane 


and its alteration in diabetes mellitus. N Eng! J Med 1973:288:1337. 


. Wahl P. Depperman D, Huasslacher C: Biochemistry of glomerular 


basement membrane of the normal and diabetic human. Kidney Int 
1982:21:744. 


. Falk RJ. Scheinman JI, Mauer SM, e: al: Polyantigenic expansion of 


basement membrane constituents in diabetic nephropathy. Diabetes 
1983:32:34. 


. Scandling JD, Myers BD: Glomerular size-selectivity and micro- 


albuminuria in early diabetic glomerular disease. Kidney Int 1992: 
41:840. 


. Lane PH, Steffes MS, Fioretto P. er al: Renal interstitial expansion in 


insulin-dependent diabetes mellitus. Kidney Int 1993-43:661. 

Brito PL, Fioretto P. Drummond K, et al: Proximal-tubular basement 
membrane width in insulin-dependent diabetes mellitus. Kidney Int 
1998:53:754. 

Vejlsgaard R: Studies on urinary tract infection in diabetics. Acta Med 
Scand 1966:179:173. 


DIABETIC NEPHROPATHY 


23. 
24. 


25. 


26. 


27. 


28. 


29. 


30. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


45. 


46. 


47. 


741 


Batalla MA, Balodimos MC, Bradley RF: Bacteriuria in diabetes mel- 
litus. Diabetologia 1971;7:297. 

Lauler DP, Schreiner GE, David A: Renal medullary necrosis. Am J 
Med 1960;29:132. 

Mauer SM, Steffes MW, Connett J, et al: The development of lesions 
in the glomerular basement membrane and mesangium after transplan- 
tation of normal kidneys to diabetic patients. Diabetes 1983; 32:948. 
Becker D, Miller M: Presence of diabetic glomerulosclerosis in pa- 
tients with hemochromatosis. N Engl J Med 1960;263:367. 

Kirose K, Osterby R, Nozawa M, et al: Development of glomerular 
lesions in experimental long-term diabetes in the rat. Kidney Int 1982; 
21:689. 

Bloodworth JMB: Experimental diabetic glomerulosclerosis. II. The 
dog. Arch Pathol 1965;79:1 13. 

Rasch R: Prevention of diabetic glomerulopathy in streptozotocin dia- 
betic rats by insulin treatment. Kidney size and glomerular volume. 
Diabetologia 1979;16:125. 

Hagg E: Influence of insulin treatment on glomerular changes in rats 
with long-term alloxan diabetes. Acta Pathol Microbiol Scand 1974. 
82:228. 


. Rasch R: Prevention of diabetic glomerulopathy in streptozotocin dia- 


betic rats by insulin treatment: The mesangial regions. Diabetologia 
1979;17:243. 

Mauer SM, Steffes MW, Sutherland DER, et al: Studies of the rate of 
regression of the glomerular lesions in diabetic rats treated with pan- 
creatic islet transplantation. Diabetes 1975:24:280. 

Federlin K., Bretzel RG. Schmidtchen U: Islet transplantation in ex- 
perimental diabetes of the rat. V. Regression of glomerular lesions in 
diabetic rats after intraportal transplantation of isogenic islets. Horm 
Metab Res 1976;8:404. 

Mauer SM, Steffes MW. Brown DM: Animal models of diabetic 
nephropathy. In: Hamburger J, Crosnier J, Grunfield JP, er al, cds. 
Advances in Nephropathy, Vol. 8. Year Book Medical Publishers: 
1979:23. 

The Diabetes Control and Complications Trial (DCCT) Research 
Group: The effect of intensive treatment of diabetes on the develop- 
ment and progression of long-term complications in insulin- 
dependent diabetes mellitus. N Engl J Med 1993;329:977. 

Abouna GM. Al-Adnani MS, Kremer GD, et al: Reversal of diabetic 
nephropathy in human cadaveric kidneys after transplantation into 
non-diabetic recipients. Lancer 1983;2:1274. 

Fioretto P. Steffes MW, Sutherland DER, et al: Reversal of lesions of 
diabetic nephropathy after pancreas transplantation. N Engl J Med 
1998;339:69. 

Kroc Collaborative Study: Blood glucose control and the evaluation 
of diabetic retinopathy and albuminuria. N Engl J Med 1984:31 1:365. 
Viberti GC, Bilous RW. Mackintosh D, et al: Long-term correction of 
hyperglycaemia and progression of renal failure in insulin dependent 
diabetics. Br Med J 1983;286:598. 

Steno Study Group: Effect of six months of strict metabolic control on 
eye and kidney function in insulin-dependent diabetics with back- 
ground retinopathy. Lancer 1982:1:121. 

The Diabetes Control and Complications (DCCT) Trial/Epidemiology 
of Diabetes Interventions and Complications (EDIC) Research Group: 
Retinopathy and nephropathy in patients with type | diabetes four 
years after a trial of intensive therapy. N Engl J Med 2000; 342:381. 


. Alaveras AE. Thomas SM. Sagriotis A, et al: Promoters of progres- 


sion of diabetic nephropathy: The relative roles of blood glucose and 
blood pressure control. Nephrol Dial Transplant 1997;2:71. 


. Linner E. Svanborg A, Zelander T: Retinal and renal lesions of dia- 


betic type. without obvious disturbances in glucose metabolism, in a 
patient with family history of diabetes. Am J Med 1971:39:298. 


. Siperstein MD, Unger RH, Madison LL: Studies of muscle capillary 


basement membrancs in normal subjects. diabetic and prediabetic pa- 
tients. J Clin Invest 1968:47:1973. 

Williamson JR. Kilo C: A common sense approach resolves the base- 
ment membrane controversy and the NIH Pima Indian study. Dia- 
betologia 1979:17:129. 

Seaquist ER. Goetz FC, Rich S. et al: Familial clustering of diabetic 
kidney disease: Evidence for genetic susceptibility to diabetic 
nephropathy. N Engi J Med 1989:320:1161. 

DCCT Research Group: Clustering of long-term complications in 
families with diabetes in the Diabetes Control and Complications 
Trial. Diabetes 1997;46:1829. 


742 


48 


49, 


50. 


51. 


52. 


53. 
54. 


55. 
56. 
57. 


58. 


59. 
60. 


6l. 


62. 


63. 


65. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


. Pettitt DJ, Saad MF, Bennett PH, et al: Familial predisposition to 
renal disease in two generations of Pima Indians with type 2 (non- 
insulin-dependent) diabetes mellitus. Diabetologia 1990;33:438. 
Faronato PP, Maioli M, Tonolo G, er al: Clustering of albumin excre- 
tion rate abnormalities in Caucasian patients with NIDDM. The Ital- 
ian NIDDM nephropathy study group. Diabetologia 1997;40:816. 
Viberti GC, Keen H, Wiseman MJ: Raised arterial pressure in parents 
of proteinuric insulin-dependent diabetics. Br Med J 1987;295:515. 
Fioretto P, Steffes MW, Barbosa J, et al: Is diabetic nephropathy in- 
herited? Studies of glomerular structure in type 1 diabetic sibling 
pairs. Diabetes 1999;48:865. 

Imperatore G, Hanson RL, Pettitt DJ, er al: Sib-pair linkage analysis 
for susceptibility genes for microvascular complications among Pima 
Indians with type 2 diabetes mellitus. Diabetes 1998;47:821. 
Krolewski AS: Genetics of diabetic nephropathy: Evidence for major 
and minor gene effects. Kidney Int 1999;55:1582. 

Cowie CC, Port FK, Wolfe RA, et al: Disparities in incidence of dia- 
betic end-stage renal disease according to race and type of diabetes. 
N Engl J Med \989;321:1074. 

DeFronzo RA: Diabetic nephropathy: Etiologic and therapeutic con- 
siderations. Diabetes Rev 1995;3:510. 

Hostetter TH: Mechanisms of diabetic nephropathy. Am J Kidney Dis 
1994;23:188. 

Cooper ME: Pathogenesis, prevention, and treatment of diabetic 
nephropathy. Lancer 1998;352:213. 

Tuttle KR, DeFronzo RA, Stein JH: Treatment of diabetic nephropa- 
thy: A rational approach based on its pathophysiology. Semin Nephrol 
1991;11:220. 

Viberti GC, Walker JD: Diabetic nephropathy: Etiology and preven- 
tion. Diabetes Metab Rev 1988:4:147. 

Mogensen CE: Prevention and treatment of renal disease in insulin- 
dependent diabetes mellitus. Semin Nephrol 1990;10:260. 

Norgaard K, Storm B, Graae M, er al: Elevated albumin excretion and 
retinal changes in children with type 1 diabetes are related to long- 
term poor blood glucose control. Diabet Med 1989;6:325. 

Torffvit O, Agardh E, Agardh CD: Albuminuria and associated medical 
risk factors: A cross-sectional study in 476 type 1 (insulin-dependent) 
diabetic patients. Part 1. J Diabetes Complications 1991;5:23. 

The Diabetes Control and Complications Trial (DCCT): The absence 
of a glycemic threshold for the development of long-term complica- 
tions: The perspective of the Diabetes Control and Complications 
Trial. Diabetes 1996;45:1289. 

. Ohkubo Y, Kishikawa H, Araki F, er al: Intensive insulin therapy pre- 
vents the progression of diabetic microvascular complication in 
Japanese patients with non-insulin-dependent diabetes mellitus: A 
randomized prospective 6-year study. Diaberes Res Clin Pract 1995; 
28:103. 

UK Prospective Diabetes Study Group: Intensive blood-glucose con- 
trol with sulphonylureas or insulin compared with conventional treat- 
ment and risk of complications in patients with type 2 diabetes 
(UKPDS 33). Lancet 1998;352:837. 

UK Prospective Diabetes Study Group: Effect of intensive blood- 
glucose control] with metformin on complications in overweight pa- 
tients with type 2 diabetes (UKPDS 34). Lancer 1998;352:854. 

Wang PH, Lau J, Chalmers TC: Meta-analysis of effects of intensive 
blood-glucose control on late complications of type I diabetes. Lancer 
1993;341:1306. 

Riser BL, Cortes P, Yee J, et al: Mechanical strain- and high glucose- 
induced alterations in mesangial cell collagen metabolism: Role of 
TGF-B. J Am Soc Nephrol 1998:9:827. 

Flyvbjerg A: Putative pathophysiological role of growth factors and 
cytokines in experimental diabetic kidney disease. Diabetologia 
2000;43; 1205. 

Makita Z, Bucala R, Rayfield EJ, er al: Reactive glycosylation end 
products in diabetic uraemia and treatment of renal failure. Lancet 
1994;343:1519. 

Makita Z, Radoff S, Rayfield E, er al: Advanced glycosylation end 
products in patients with diabetic nephropathy. N Engl J Med 1991; 
325:836. 

Ishi H, Jirousek MR, Koya D, et al: Amelioration of vascular dysfunc- 
tions in diabetic rats by an oral PKC beta inhibitor. Science 1996: 
272:728. 

Jerums G, Panagiotopoulos S. Tsalamandris C, et al: Why is protein- 
uria such an important risk factor for progression in clinical trials? 
Kidney Int 1997;52:S87. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


81. 


82. 


83. 


84. 


85. 


86. 


87. 


88. 


93. 


94. 


95. 


96. 


97. 


98. 


DIABETES MELLITUS 


Osicka TM, Houlihan CA, Chan JG, et al: Albuminuria in patients 
with type 1 diabetes is directly linked to changes in the lysosome- 
mediated degradation of albumin during renal passage. Diabetes 
2000;49: 1579. 

Lemley KV, Blouch K, et al: Glomerular permselectivity at the onset 
of nephropathy in type 2 diabetes mellitus. J Am Soc Nephrol 2000, 
11:2095. 

Deckert T, Feldt-Rasmussen B, Djurp R, er al: Glomerular size and 
change selectivity in insulin-dependent diabetes mellitus. Kidney Int 
1988;33:100. 

Wolf G, Ziyadeh FN: The role of angiotensin II in diabetic nephropa- 
thy: Emphasis on nonhemodynamic mechanisms. Am J Kidney Dis 
1997:29:153. 

Wolf G: Link between angiotensin I] and TGF-B in the kidney. Miner 
Electrolyte Metab 1998;24:174. 

Peters H, Border WA, Noble NA: Targeting TGF- overexpression in 
renal disease: Maximizing the antibrotic action of angiotensin II 
blockade. Kidney Int 1998:54:1570. 

Vallon V, Richter K, Blantz RC. et al: Glomerular hyperfiltration in 
experimental diabetes mellitus: Potential role of tubular reabsorption. 
J Am Soc Nephrol 1999; 10:2569. 

Bank N. Aynedjian HS: Progressive increases in luminal glucose stim- 
ulate proximal sodium absorption in normal and diabetic rats. J Clin 
Invest 1990;86:309. 

Thomson SC, Deng A, Bao D, er al: Omithine decarboxylase, kidney 
size, and the tubular hypothesis of glomerular hyperfiltration in exper- 
imental diabetes. J Clin Invest 2001;107:217. 

Hostetter TH: Hypertrophy and hypertunction of the diabetic kidney. 
J Clin Invest 2001;107:161. 

Borch-Johnsen K. Nissen H, Henriksen E, et al: The natural history of 
insulin-dependent diabetes mellitus in Denmark. 1. Long term sur- 
vival with and without late diabetic complications. Diabet Med 1987, 
4:201. 

Mogensen CE: Microalbuminunia. blood pressure and diabetic renal 
disease: Origin and development of ideas. Diabetologia 1999;42:263. 
Nelson RG, Bennett PH, Beck GJ. et al: Development and progres- 
sion of renal disease in Pima Indians with non-insulin-dependent dia- 
betes mellitus. N Engl J Med 1996;335:1636. 

Knowler WC, Bennett PH, Hamman RF, et al: Diabetes incidence and 
prevalence in Pima Indians: A 19-fold greater incidence than in 
Rochester, Minnesota. Am J Epidemiol 1978;108:497. 

Hasslacher C, Ritz E, Wahl P, er al: Similar risk of nephropathy in pa- 
tients with type I or type II diabetes mellitus. Nephrol Dial Transplant 
1989;4:859. 


. Ritz E, Orth SR: Nephropathy in patients with type 2 diabetes melli- 


tus. N Engl J Med \999;341:1127. 


. Mogensen CE, Osterby R, Gundersen HJG: Early functional and mor- 


phologic vascular renal consequences of the diabetic state. Diaberolo- 
gia 1979:17:71. 


. Wiseman MJ, Saunders AJ, Keen H, er al: Effect of blood glucose 


control on increased glomerular filtration rate and kidney size in 
insulin-dependent diabetes. N Engi J Med 1985;312:617. 


. Tuttle KR. Bruton JL, Perusek MC, er al: Effects of strict glycemic 


control on basal and insulin stimulated renal hemodynamic and kid- 
ney size in insulin-dependent diabetes mellitus. N Engl J Med 1991; 
324:1626. 

Thomsen OF, Andersen AR, Christiansen JS, er al: Renal changes in 
long-term type | (insulin-dependent) diabetic patients with and with- 
out clinical nephropathy: A light microscopic, morphometric study of 
autopsy material. Diabetologia 1984;26:361. 

Kverneland A, Feldt-Rasmussen B, Vidal P, et al: Evidence of 
changes in renal charge selectivity in patients with type I (insulin- 
dependent) diabetes mellitus. Diabetologia 1986;29:634. 

Viberti GC, Wiseman M. Radmond RS: Microalbuminuria: Its history 
and potential for prevention of clinical nephropathy in diabetes melli- 
tus. Diabet Nephropathy 1984:3:79. 

Parving HH, Oxenboll B, Svendsen PA. er al: Early detection of 
patients at risk of developing diabetic nephropathy: A longitudinal 
study of urinary albumin excretion. Acta Endocrinol (Copenh) 1982: 
100:550. 

Mogensen CE. Christensen CK: Predicting diabetic nephropathy in 
insulin-dependent patients. N Engl J Med 1984:311:89. 

Mogensen CE, Viberti GC, Preheim E, et al: Multicenter evaluation of 
the micral-test [I test strip, an immunologic rapid test for the detection 
of microalbuminuria. Diabetes Care 1997:20:1642. 


Chapter 43 


99. 


117. 


118. 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


Mogensen CE: Microalbuminuria predicts clinical proteinuria and 
early mortality in maturity-onset diabetes. N Engl J Med 1984; 310:356. 


. Ruggenenti P, Remuzzi G: Nephropathy of type-2 diabetes mellitus. 


J Am Soc Nephrol 1998;9:2157. 


. Gall MA, Rossing P. Skott P, ef al: Prevalence of micro- and macroal- 


buminuria, arterial hypertension, retinopathy and large vessel disease 
in European type 2 (non-insulin-dependent) diabetic patients. Dia- 
betologia 1991;34:655. 


. Mattock MB, Morrish NJ, Viberti G, et al: Prospective study of mi- 


croalbuminuria as predictor of mortality in NIDDM. Diabetes 1992; 
41:736. 


. Nelson RG, Meyer TW, Myers BD, et al: Clinical and pathological 


course of renal disease in non-insulin-dependent diabetes mellitus: 
The Pima Indians experience. Semin Nephrol 1997;17:124. 


. Schmitz A. Vaeth M: Microalbuminuria: A major risk factor in non- 


insulin dependent diabetes: A 10-year follow-up study of 503 patients. 
Diabetic Med 1988;5:126, 1988. 


. Caramori ML, Fioretto P, Mauer M: The need for early predictors of 


diabetic nephropathy risk. Diabetes 2000;49, 1399. 


. Lee JA, Litle HL, Myers BD: Consensus statement. Am J Kidney Dis 


1989; 13:2. 


. Friedman S, Jones HW, Golbetz. HV. er al: Mechanisms of proteinuria 


in diabetic nephropathy. II. A study of the size selective glomerular 
filtration barriers. Diabetes 1983;32:40. 


. Deckert T, Kofoed-Enevoldsen A, Vidal P: Size and charge selectivity 


of glomerular filtration in type 1 (insulin-dependent) diabetic patients 
with and without albuminuria. Diabetologia 1993;36:244. 


. Bangstad H-J, Kofoed-Enevoldsen A, Dahl-Jorgensen K, ef al: 


Glomerular charge selectivity and the influence of improved blood 
glucose control in type | (insulin-dependent) diabetic patients with 
microalbuminuria. Diabetologia 1992:35:116S. 


. Mogensen CE: Glomerular hyperfiltration in human diabetes. Dia- 


betes Care 1994:17:770. 


. Rudberg S, Persson B, Dahlquist G: Increased glomerular filtration 


rate as a predictor of diabetic nephropathy: Results from an 8-year 
prospective study. Kidney Int 1992:41:822. 


. Mogensen CE: Maximum tubular reabsorption capacity for glucose 


and renal hemodynamics during rapid hypertonic glucose infusion in 
normal and diabetic men. Scand J Clin Lab Invest 1971;28:101. 


. DeFronzo RA, Smith JD: Disorders of potassium metabolism: Hyper- 


kalemia. In: Arieff A, DeFronzo RA. eds. Fluid, Electrolyte and Acid- 
Base Disorders. Churchill Livingstone: 1995;319. 


. DeFronzo RA.: Hyperkalemia and hyporeninemic hypoaldostero- 


nism. Kidney Int 1980;17:118. 


. Schambelan M, Sebastian A. Biglieri E: Prevalence. pathogenesis. 


and functional significance of aldosterone deficiency in hyperkalemic 
patients with chronic renal insufficiency. Kidney Int 1980:17:89. 


. deChate! R, Weidmann P. Flammer J, et al: Sodium. renin. aldos- 


terone, catecholamines and blood pressure in diabetes mellitus. Kid- 
ney Int 1977:12:412. 

Halperin ML, Bear RA, Hannaford MC, e7 al: Selected aspects of the 
pathophysiology of metabolic acidosis in diabetes mellitus. Diabetes 
1981;30:781. 

Root HF, Porte WH, Frehner H: Triopathy of diabetes: sequence of 
neuropathy, retinopathy, and nephropathy. Arch Intern Med 1984, 
94:931. 

Pirart J: Diabetes mellitus and its degenerative complications: a 
prospective study of 4400 patients observed between 1944 and 1973. 
Diabetes Care 1978:1:168. 

Bilous RW, Viberti GC, Christiansen JS, Bilous RW. Viberti GC, 
Sandahl-Christensen J, Parving H-H, Keen H: Dissociation of dia- 
betic complications in insulin-dependent diabetics: a clinical report. 
Diabetic Nephropathy 1985;4:73. 

Chahal PS, Kohner EM: The relationship between diabetic retinopa- 
thy and diabetic nephropathy. Diabetic Nephropathy 1983;2:4. 
Strowig SM, Raskin P: Glycemic control and the complications of di- 
abetes. Diabetes Rev 1995:3:237. 

Hamman RF: Epidemiology of microvascular complications. In: Al- 
berti KGMM. Zimmet P. DeFronzo RA, eds. International Textbook 
of Diabetes Mellitus. John Wiley 1997;1293. 

Friedlander MA, Hricik DE: Optimizing end-stage renal disease ther- 
apy for the patient with diabetes mellitus. Semin Nephrol 1997. 
17:331. 

Goldstein DA, Massry SG: Diabetic nephropathy: clinical course and 
effect of hemodialysis. Nephron 1978:20:286. 


DIABETIC NEPHROPATHY 


126 


127. 


128. 


129. 


141. 


142. 


150. 


151. 


TA 


. McCrary RF, Pitts TO, Puschett JB: Diabetic nephropathy: natura 
course, survivorship, and therapy. Am J Nephrol 1981;1:206. 
Orchard TJ, Dorman JS, Maser RE, er al: Prevalence of complication: 
in IDDM by sex and duration. Pittsburgh Epidemiology of Diabete: 
Complications Study. Diabetes 1990:39:1116. 

Sima AAF, Thomas PF, Ishil D, et al: Diabetic neuropathies. Dia 

betologia 1997;40:B74. 

Eisenberg B, Murata G. Tzamaloukas A, er al: Gastroparesis in dia 

betics on chronic dialysis: Clinical and laboratory associations anc 

predictive features. Nephrology 1995;70:296. 

. Najarian JS, Sutherland DER, Simmons RL, er al: Kidney transplan. 
tation for the uremic diabetic patient. Surg Gynecol Obstet 1977 
144:682. 

. Mogensen CE: Prediction of clinical diabetic nephropathy in IDDM 
patients. Alternatives to microalbuminuria? Diabetes 1990;39:761. 

. Mathiesen ER: Prevention of diabetic nephropathy. Microalbuminuriz 
and perspectives for intervention in insulin-dependent diabetes. Dar 
Med Bull 1993;40:273. 

. Nosadini R. Fioretto P, Trevisan R, er al: Insulin-dependent diabetes 
mellitus and hypertension. Diabetes Care 1991;14:210. 

. Bakris GL, Williams M, Dworkin L, et al: Preserving renal function 
in adults with hypertension and diabetes: A consensus approach. Am J 
Kidney Dis 2000;36:646. 

. Markell MS, Friedman EA: Care of the diabetic patients with end- 
stage renal disease. Semin Nephrol 1990;10:274. 

. Venkatesan J, Henrich WL: Anemia, hypertension, and myocardial 
dysfunction in end-stage renal disease. Semin Nephrol 1997:17:257. 

. Kjellstrand CM, Whitley K. Comty CM, er al: Dialysis in patients 
with diabetes mellitus. Diabet Nephropathy 1983;2:5. 

. Vasan RS, Larson MG, Leip EP, er al: Impact of high-normal blood 
pressure on the risk of cardiovascular disease. N Engl J Med 2001; 
345.1291. 

. Elving LD, Wetzels JFM. van Lier HJJ, et al: Captopril and atenolol 
are equally effective in retarding progression of diabetic nephropathy. 
Results of a 2-year prospective. randomized study. Diaberologia 
1994:37:604. 

. Kshirsagar AV. Joy MS. Hogan SL, et al: Effect of ACE inhibitors in di- 

abetic and nondiabetic chronic renal disease: A systematic overview of 

randomized placebo-controlled trials. Am J Kidney Dis 2000:35; 695. 

Hovind P, Rossing P, Tamow L, ef al: Progression of diabetic 

nephropathy. Kidney Int 2001;59:702. 

Mogensen CE: Progression of nephropathy in long-term diabetics 

with proteinuria and effect of initial anti-hypertensive treatment. 

Scand J Clin Lab Invest 1976:36:383. 

. Parving H-H: Impact of blood pressure and antihypertensive treat- 
ment on incipient and overt nephropathy, retinopathy, and endothelial 
permeability in diabetes mellitus. Diabetes Care 1991;14:260. 

. Mogensen CE: Long-term antihypertensive treatment inhibiting pro- 
gression of diabetic nephropathy. Br Med J 1982:285:685. 

. Parving H-H, Andersen AR, Smidt UM. et al: Effect of antihyperten- 
sive treatment on kidney function in diabetic nephropathy. Br Med J 
1987:294: 1443. 

. Lewis EJ. Hunsicker LG, Bain RP. ef al: The effect of angiotensin- 
converting-enzyme inhibition on diabetic nephropathy. N Engl J Med 
1993:329:1456. 

. Berkman J, Rifkin H: Unilateral nodular diabetic glomerulosclerosis 
(Kimmelsteil- Wilson): Report of a case. Metabolism 1973;22:175. 

. Steffes MW, Buchwald H. Wigness BD, et al: Diabetic nephropathy 
in the uninephrectomized dog: Microscopic lesions after one year. 
Kidney Int 1982;21:721. 

. Barbosa J, Steffes MW. Sutherland DE, er al: Effects of glycemic con- 

trol on early diabetic renal lesions: A 5-year randomized controlled 

trial of insulin-dependent diabetic kidney transplant recipients. JAMA 

1944:272:600. 

Krolewski AS, Canessa M, Warram JH, et al: Predisposition to hyper- 

tension and susceptibility to renal disease in insulin-dependent dia- 

betes mellitus. N Eng! J Med 1988:318:140. 

DeFronzo RA, Ferrannini E: Insulin resistance: A multifaceted syn- 

drome responsible for NIDDM, obesity. hypertension, dyslipidemia, 

and ASCVD. Diabetes Care 1991;14:173. 


. The Sixth Report of the Joint National Committee on Prevention, De- 


tection, Evaluation, and Treatment of High Blood Pressure. Arch In- 
tern Med 1997:157:2413. 

. Hansson L. Zanchetti A, Carruthers SG, er al: Effects of intensive 
blood-pressure lowering and low-dose aspirin in patients with hyper- 


744 


169. 


170. 


171. 


172. 


173. 


174. 


175. 


176. 


177. 


178. 


DIABETES MELLITUS 


tension: Principal results of the Hypertension Optimal Treatment 
(HOT) randomized trial. Lancet 1998;351:1755. 


. Bakris GL: Pathogenesis of hypertension in diabetes. Diabetes Rev 


1995;3:460. 


. Ismail N, Becker B, Strzelcyzyk P, et al: Renal disease and hyper- 


tension in non-insulin-dependent diabetes mellitus. Kidney Int 1999: 
55:1. 


. Elliott WJ, Stein PP, Black HR: Drug treatment of hypertension in pa- 


tients with diabetes. Diabetes Rev 1995;3:477. 


. Bressler P, DeFronzo RA: Drugs and diabetes. Diabetes Rev 1994; 2:53. 
. UK Prospective Diabetes Study Group (UKPDS): Tight blood pres- 


sure control and risk of macrovascular and microvascular complica- 
tions in type 2 diabetes: UKPDS 38. Br Med J 1998;317:703. 


. Taal MW, Brenner BM: Renoprotective benefits of RAS inhibition: 


From ACEI to angiotensin II antagonists. Kidney Int 2000;57:1803. 


. Ravid M, Savin H, Jutrin I, et al: Long-term stabilizing effect of 


angiotensin-converting enzyme inhibition on plasma proteinuria in 
normotensive type IT diabetic patients. Ann Intern Med 1993;188:577. 


. Ravid M, Brosh D, Levi Z, et al: Use of enalapril to attenuate decline 


in renal function in normotensive, normoalbuminuric patients with 
type 2 diabetes mellitus. A randomized, controlled trial. Ann Intern 
Med 1998;128:982. 


. Mogensen CE: Microalbuminuria, early blood pressure elevation, and 


diabetic renal disease. Curr Opin Endocrinol Diabetes 1994;4:239. 


. Viberti G, Chaturvedi N: Angiotensin converting enzyme inhibitors in 


diabetic patients with microalbuminuria or normoalbuminuria. Kidney 
Int 1997;52(suppl 63):S-32. 


. The Microalbuminuria Captopril Study Group: Captopril reduces the 


risk of nephropathy in IDDM patients with microalbuminuria. Dia- 
betologia 1996;39:587. 


. Nielsen FS, Rossing P, Gall M-A, et al: Long-term effect of lisinopril 


and atenolol on kidney function in hypertensive NIDDM subjects 
with diabetic nephropathy. Diabetes 1997;46:1182. 


. Lithell HOL: Effect of antihypertensive drugs on insulin, glucose, and 


lipid metabolism. Diabetes Care 1991;14:203. 


. Ganesvoort RT, de Zeeuw D, de Jong PE: Is the antiproteinuric effect 


of ACE inhibition mediated by interference in the renin-angiotensin 
system? Kidney Int 1994;45:861. 


. Lewis EJ, Hunsicker LG, Clarke WR, ef al: Renoprotective effect 


of the angiotensin-receptor antagonist irbesartan in patients with 
nephropathy due to type 2 diabetes. N Engl J Med 2001;345:851. 
Brenner BM, Cooper ME, De Zeeuw D. er al: Effects of losartan on 
renal and cardiovascular outcomes in patients with type 2 diabetes and 
nephropathy. N Engl J Med 2001;345:861. 

Parving HH, Lehnert H, Brochner-Mortensen J, et al: The effect of 
irbesartan on the development of diabetic nephropathy in patients 
with type 2 diabetes. N Engl J Med 2001 ;345:870. 

Farhy RD, Carretero OA, Ho K-L, ef al: Role of kinins and nitric 
oxide in the effects of angiotensin converting enzyme inhibitors on 
neointima formation. Circ Res 1993;72:1202. 

Giordano M, Matsuda M, Canessa ML, et al: The effects of ACE in- 
hibitors, calcium channel antagonists, and alpha adrenergic blockers 
on glucose and lipid metabolism in type II diabetic patients with hy- 
pertension. Diabetes 1995;44:665. 

Giordano M, Sanders LR, Castellino P, ef al: Effect of alpha- 
adrenergic blockers, ACE inhibitors, and calcium channel antagonists 
on renal function in non-insulin dependent diabetic patients. Nephron 
1996;72:447. 

Bakris GL, Copley JB, Vicknair N, er al: Calcium channel blockers 
versus other antihypertensive therapies on progression of NIDDM as- 
sociated nephropathy. Kidney Int 1996;50:1641. 

Zucchelli P, Zuccala A, Borghi M, ef al: Long-term comparison be- 
tween captopril and nifedipine in the progression of renal insuffi- 
ciency. Kidney Int 1992;42;452. 

Kloke HJ, Branten AJ, Huysmans FT, er al: Antihypertensive treat- 
ment of patients with proteinuric renal diseases: Risks or benefits of 
calcium channel blockers? Kidney Int 1998,53:1559. 

Velussi M, Brocco E, Frigato F, er al: Effects of cilazapril and am- 
lodipine on kidney function in hypertensive NIDDM patients. Dia- 
betes 1996;45:216. 

Munter K, Hergenroder S, Jochims K, er al: Individual and combined 
effects of verapamil or trandolapril on attenuating hypertensive 
glomerulopathic changes in the stroke-prone rat. J Am Soc Nephrol 
1996;7:681. 


179. 


180. 


181. 


182. 


183. 


184. 


185. 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


193. 


194. 


195. 


196. 


197. 
198. 


199. 


200. 


201. 


202. 


Bakris GL, Weir MR, DeQuattro V, et al: Effects of an ACE inhibitor/ 
calcium antagonist combination on proteinuria in diabetic nephropa- 
thy. Kidney Int 1998;54:1283. 

Stefanski A, Amann K, Ritz E: To prevent progression: ACE in- 
hibitors, calcium antagonists or both? Nephrol Dial Transplant 1995; 
10:151. 

Tuomilehto J, Rastenyte D, Birkenhager WH, et al: Effects of 
calcium-channel blockade in older patients with diabetes and systolic 
hypertension. Systolic Hypertension in Europe Trial Investigators. 
N Engi J Med 1999;340:677. 

Mathiesen ER, Hommel! E, Giese J, et al: Efficacy of captopril in post- 
poning nephropathy in normotensive insulin dependent diabetic pa- 
tients with microalbuminuria. Br Med J 1991;303:81. 

Marre M, Chatellier G, Leblanc H, et al: Prevention of diabetic 
nephropathy with enalapril in normotensive diabetics with microalbu- 
minuria. Br Med J 1988;297:1092. 

Chase HP, Garg SK, Harris S, et al: Angiotensin-converting enzyme 
inhibitor treatment for young normotensive diabetic subjects: A two 
year trial. Ann Ophthalmol 1993;25:284. 

Viberti G, Mogensen CE, Groop LC, et al: Effect of captopril on pro- 
gression to clinical proteinuria in patients with insulin-dependent 
diabetes mellitus and microalbuminuria. JAMA 1994;271:275. 

Laffel LMB, McGill JB, Gans DJ: The beneficial effects of 
angiotensin-converting enzyme inhibition with captopril on diabetic 
nephropathy in normotensive IDDM patients with microalbuminuria. 
Am J Med 1995;99:497. 

EUCLID Study Group: Randomized placebo-controlled trial on 
lisinopril in normotensive patients with insulin-dependent diabetes 
and normoalbuminuria or microalbuminuria. Lancet 1997;349:787. 
Capek M, Schnack C. Ludvik B, er al: Effect of captopril treatment 
versus placebo on renal function in type 2 diabetic patients with mi- 
croalbuminunia: A long-term study. J Clin Invest 1994;72:961. 

Bakris GL, Slataper R. Vicknair N, et al: ACE inhibitor-mediated re- 
ductions in renal size and microalbuminuria in normotensive, diabetic 
subjects. J Diabetes Complications 1994;8:2. 

Ahmad J, Siddiqui MA, Ahmad H: Effective postponement of dia- 
betic nephropathy with enalapril in normotensive type 2 diabetic pa- 
tients with microalbuminuria. Diabetes Care 1997;20:1576. 

Crepaldi G, Carta Q, Deferrari G, et al: Effects of lisinopril and 
nifedipine on the progression to overt albuminuria in IDDM patients 
with incipient nephropathy and normal blood pressure. Diabetes Care 
1998;21:104. 

Heart Outcomes Prevention Evaluation (HOPE) Study Investigators: 
Effects of ramipril on cardiovascular and microvascular outcomes 
in people with diabetes mellitus: Results of the HOPE study and 
MICRO-HOPE substudy. Lancet 2000;355:253. 

Heart Outcomes Prevention Evaluation (HOPE) Study Investigators: 
Effects of an angiotensin-converting-enzyme inhibitor, ramipril, on 
cardiovascular events in high-risk patients. N Engl J Med 2000; 
342:145. 

Hansson L, Lindholm LH, Niskanen L, er al: Effect of angiotensin- 
converting-enzyme inhibition compared with conventional therapy on 
cardiovascular morbidity and mortality in hypertension: The Captopril 
Prevention Project (CAPP) randomized trial. Lancet 1999;353:611. 
Bryd L, Sherman RL: Radio-contrast-induced renal failure: A clinical 
and pathophysiologic review. Medicine 1979;58:270. 

Solomon R, Wemer C, Mann D, et al: Effects of saline, mannitol, and 
furosemide to prevent acute decreases in renal function induced by ra- 
diocontrast agents. N Engl J Med 1994;331:1416. 

Klein R: Hyperglycemia and microvascular and macrovascular dis- 
ease in diabetes. Diabetes Care 1995;18:258. 

Microalbuminuria Collaborative Study Group: Microalbuminuria in 
type I diabetic patients. Diabetes Care 1992;15:495. 

Bilous RW, Mauer SM, Sutherland DER, er al: The effects of pan- 
creas transplantation on the glomerular structure of renal allografts in 
patients with insulin-dependent diabetes. N Engl J Med 1989:321:80. 
Fioretto P, Mauer SM, Bilous RW, er al: Effects of pancreas trans- 
plantation on glomerular structure in insulin-dependent diabetic pa- 
tients with their own kidneys. Lancet 1993;342:1193. 

Rasch R: Prevention of diabetic glomerulopathy in streptozotocin dia- 
betic rats by insulin treatment. Diabetologia 1979;16:125. 
Feldt-Rasmussen B: Microalbuminuria and clinical nephropathy in 
type 1 (insulin-dependent) diabetes mellitus: Pathophysiological 
mechanisms and intervention studies. Dan Med Bull 1989;36:405. 


Chapter 43 


203. 


221. 


222. 


223. 


The Kroc Collaborative Study Group: Blood glucose control and the 
evolution of diabetic retinopathy and albuminuria: A preliminary multi- 
center trial. N Engl J Med 1984;31 1:365. 


. DeFronzo RA, Alvestrand A, Smith D, et al: Insulin resistance in ure- 


mia. J Clin Invest 1981:67:563. 


. DeFronzo RA, Tobin JD, Rowe JW, et al: Glucose intolerance in ure- 


mia: Quantification of pancreatic beta cell sensitivity to glucose and 
tissue sensitivity to insulin. J Clin Invest 1978;62:425. 


. DeFronzo RA: Pharmacologic therapy for type 2 diabetes mellitus. 


Ann Intern Med 1999:131:281. 


. Fuji M, Takemura R, Yamaguchi M, er al: Troglitazone (CS-045) 


ameliorates albuminuria in streptozocin-induced diabetic rats. Metab- 
olism 1997;45:981. 


. McCarthy KJ, Routh RE, Shaw W, et al: Troglitazone halts diabetic 


glomerulosclerosis by blockade of mesangial expansion. Kidney Int 
2000;58:2341. 


. Sambol NC, Chiang J, Lin ET, et al: Kidney function and age are both 


predictors of pharmacokinetics of metformin. J Clin Pharmacol 1995, 
35:1094. 


. Prendergast BD: Glyburide and glipizide, second-generation oral sul- 


fonylurea hypoglycemic agents. Clin Pharmacol 1984;3:473. 


. Rosenkranz B: Pharmacokinetic basis for the safety of glimepiride in 


risk groups of NIDDM patients. Horm Metab Res 1996;28:434. 


. Marbury T, Huang W-C, Strange P, et al: Repaglinide versus gly- 


buride: a one-year comparison trial. Diabetes Res Clin Prac 1999; 43: 
155. 


. Tzamaloukas AH: Interpreting glycosylated hemoglobin in diabetic 


patients on peritoneal dialysis. Adv Peritoneal Dialysis 1996;12:171. 


. Garber AJ, Bier D, Cryer PE, et al: Hypoglycemia in compensated 


chronic renal insufficiency: substrate limitation of gluconeogenesis. 
Diabetes 1974:23:982. 


. Grajower M, Walter L, Albin J: Hypoglycemia in chronic hemodialy- 


sis patients: association with propranolol use. Nephron 1980;26:126. 


. Wong TY-H, Chan JCN, Szeto CC, er al: Clinical and biochemical 


characteristics of type 2 diabetic patients on continuous ambulatory 
peritoneal dialysis: relationships with insulin requirement. Am J 
Kidney Dis 1999.34:514. 


. Giordano C: Protein restriction in chronic renal failure. Kidney Int 


1982;22:401. 


. Brenner BM, Meyer TW, Hostetter TH: Dietary protein intake and the 


progressive nature of kidney disease. N Engi J Med 1982;307:652. 


. Zeller KR, Whittaker E, Sullivan L, et al: Effect of restricting dietary 


protein on the progression of renal failure in patients with insulin- 
dependent diabetes mellitus. N Engl J Med 1991;324:78. 


. Pedrini MT, Levey AS. Lau J, Chalmers TC, Wang PH: The effect of 


dietary protein restriction on the progression of diabetic and non-dia- 
betic renal disease: a meta-analysis. Ann Intern Med 1996:124:627. 
Walker JD, Dodds RA, Murrells TJ, et al: Restriction of dietary pro- 
tein and progression of renal failure in diabetic nephropathy. Lancer 
1989;ii:141 1. 

Klahr S, Levey AS, Beck GJ, et al: The effects of dietary protein re- 
striction and blood-pressure control on the progression of chronic 
renal disease. N Engi J Med 1994:330:877. 

Modification of Diet in Renal Disease Study Group: Effects of dietary 
protein restriction on the progression of moderate renal disease in the 


DIABETIC NEPHROPATHY 


224. 


225. 


226. 


227. 


228. 


229. 


230. 


231. 


232. 


233. 


234. 


235: 


236. 


237. 


238. 


239. 


240. 


241. 


242. 


243. 


~ 


modification of diet in renal disease study. J Am Soc Nephrol 1996 
2616. 

Kasiske BL: Hyperlipidemia in patients with chronic renal dises 
Am J Kidney Dis 1998;32:S 142. 

Deckert T, Feldt-Rasmussen B, Borch-Johnsen K, Kofoed-Enevold: 
JT: Albuminuria reflects widespread vascular damage. The Steno F 
pothesis. Diabetologia 1989;32:219. 

Wilson PWF, Culleton BF: Cardiovascular disease in the general pc 
ulation. Epidemiology of cardiovascular disease in the United Stat 
Am J Kidney Dis 1998;32(suppl 3):S89. 

Wilson PWF: Diabetes mellitus and coronary heart disease. Am J K 
ney Dis 1998;32(supp! 3)S89. 

United States Renal Data System: USRDS 1999 Annual Data Repc 
V. Patient mortality and survival. Am J Kidney Dis 1999;34(suppl 
$74. 

United States Renal Data System: USRDS 1999 Annual Data Repo 
VI. Causes of Death. Am J Kidney Dis 1999;34(suppl 1):S87. 
Herzog CA, Ma JZ, Collins AJ: Long-term outcome of dialysis p 
tients in the United States with coronary revascularization procedure 
Kidney Int 1999;56:324. 

United States Renal Data System: USRDS 1999 Annual Data Repo 
VII. Renal transplantation: access and outcomes. Am J Kidney D 
1999;34(suppl 1):S95. 

Herzog CA: Acute myocardial infarction in patients with end-sta; 
renal disease. Kidney Int 1999:56(suppl 71):S130. 

Oda H, Keane WF: Recent advances in statins and the kidney. Kid 
Int 1999;56(suppl 71):S-2. 

Keane WF: Lipids and progressive renal disease: the cardio-renal lin 
Am J Kidney Dis 1999;34:xliii. 

Krolewski AS, Warram JH, Christlieb AR: Hypercholesterolemia: 
determinant of renal function loss and deaths of IDDM patients wil 
nephropathy. Kidney Int 1994.45(Suppl 45):S125. 

Kasiske BL. O'Donnell MP, Schmitz PG, er al: Renal injury of die 
induced hypercholesterolemia in rats. Kidney Int 1990:37:880. 
Wellman KF, Volk BW: Renal changes in experimental hypercholes 
terolemia in normal and subdiabetic rabbits. II. Long-term studie: 
Lab Invest 1971;24:144. 

Kasiske BL, O’Donnell MP. Cleary MP, et al: Treatment of hyperlipi 
demia reduces glomerular injury in obese Zucker rats. Kidney In 
1988;33;667. 

Fried LF, Orchard TJ, Kasiske BL: Effect of lipid reduction on th 
progression of renal disease: a meta-analysis. Kidney Int 2001;59 
260. 

Ritz E, Rychlik 1, Locatelli F, et al: End-stage renal failure in type : 
diabetes: a medical catastrophe of worldwide dimensions. Am J Kid 
ney Dis 1999:34:795. 

Comty CM, Leonard A, Shapiro FL: Nutritional and metabolic prob 
lems in dialyzed patients with diabetes mellitus. Kidney Int 1974; 6 
S51. 

Smets YFC, Westendorp RGJ, van der Pij! JW, et al: Effect of simul 
taneous pancreas-kidney transplantation on mortality of patients witl 
type-I diabetes mellitus and end-stage renal failure. Lancet 1999 
353:1915. 

Lederer E: Pancreas transplants for diabetic nephropathy: a time fo 
reassessment. Am J Kidney Dis 2000:35:1238. 


CHAPTER 4 4 


Pathogenesis of Diabetic Neuropathy 


Martin J. Stevens 
Irina Obrosova 
Rodica Pop-Busui 
Douglas A. Greene 
Eva L. Feldman 


The classical histologic studies of autopsy and nerve biopsy mate- 
rial from patients with diabetic neuropathy have identified lesions 
involving peripheral nerve axons. Schwann cells, perineurial cells, 
and endoneurial vascular elements may contribute to the pathogen- 
esis of the most common form of diabetic neuropathy, distal sym- 
metric peripheral polyneuropathy. '~!° 


PATHOLOGY 


Lesions identified include damage to and loss of large and small 
myelinated nerve fibers with evidence of wallerian degeneration; 
segmental and paranodal demyelination; and proliferation of en- 
doneurial connective tissue including thickening and reduplication 
of the basement membranes of nerve fibers, endoneurial blood ves- 
sels, and the perineurium. The proximal-to-distal increase in mor- 
phologic abnormalities':'' and the topographic and temporal distri- 
bution of neurologic signs and symptoms in the distal symmetric 
polyneuropathy of diabetes suggest a primary axonopathy prefer- 
entially involving longer myelinated axons.'®!?-!5 Nerve biopsies 
from young diabetic patients characteristically exhibit ultrastruc- 
tural lesions most consistent with an early primary distal axonal at- 
rophy and degeneration.*:!”'® However, studies of sural nerve biop- 
sies by Thomas and Lascelles*'’ and others”” and autopsy studies® 
have emphasized segmental demyelination and remyelination in 
diabetic distal symmetric polyneuropathy, postulating a primary 
abnormality of Schwann cells. 

Diabetic polyneuropathy may also be characterized by defec- 
tive axonal regeneration,'*! which has been reported to be both 
positively"? and negatively” correlated with the degree of nerve 
fiber loss. Progression of diabetic polyneuropathy has been associ- 
ated with preferential loss of small (<5 um) myelinated fibers, 
which may be most sensitive to glucose toxicity.” Endoneurial 
vascular abnormalities such as basement membrane thickening and 
reduplication, endothelial cell swelling and proliferation, and 
platelet aggregation resulting in vessel occlusion have been noted 
in sural nerve biopsies*” and at autopsy~>'! 45 of diabetic pa- 
tients. A quantitative increase in these vascular abnormalities in as- 
sociation with focal loss of myelinated fibers in older diabetic sub- 


jects has been interpreted to suggest hypoxic or ischemic 
to nerve fibers in diabetic subjects.'** Thus, while demc 
that most tissue elements of peripheral nerve are involv 
disease process at some point, existing studies of human 
distal symmetric polyneuropathy provide no consistent ev 
to the location of the initial inciting event. 

The neuropathology of diabetic autonomic neurop 
been less well studied, in part because biopsy material is 
ily available. A few reported autopsy studies have dem 
axonal degenerative changes and fiber loss in the para 
sympathetic chain,'* the vagus nerve, the esophageal and 
nic nerves, '0:!4!5 and the intrinsic nerves of the bladder. 
and vacuolization of autonomic ganglionic neurons hi 
described.'0'4.!5 


Relationship of Neuropathy to the Duration 
and Metabolic Severity of Diabetes in Humans 


The relationship of diabetic neuropathy to the severity and 
of hyperglycemia and associated metabolic derangement: 
portant therapeutic as well as pathogenetic implications. 
link between the severity and/or duration of hyperglycemi 
development of diabetic neuropathy would support intens 
betic control as a potential preventive measure and would | 
glucose- or insulin-related metabolic factors as importa 
genetic elements in the disease process. The Diabetes Co 
Complications Trial (DCCT) has provided strong evidenc 
importance of insulin deficiency, hyperglycemia, or bo 
pathogenesis of diabetic neuropathy.”® After 5 years, inter 
betes treatment designed to lower blood glucose to as clc 
normal range as possible in nonneuropathic subjects with | 
abetes mellitus (T1DM) was able to reduce the prevalence 
cal diabetic neuropathy confirmed by abnormal nerve cc 
or autonomic function by 60%. 

Pirart’s” 25-year prospective study of 4400 unsele 
tients in a diabetic clinic probably provides the most cc 
epidemiologic link between the duration and severity of r 
abnormality and the presence of clinical neuropathy in 
patients. Neuropathy, defined as loss of Achilles and/o: 
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reflexes combined with diminished vibratory sensation in the pres- 
ence or absence of “more dramatic polyneuropathy or mono- or 
multi-neuropathy,” was present in 12% of patients when diabetes 
was diagnosed, with onset of neuropathy tending to cluster in older 
type 2 diabetic mellitus (T2DM) patients, in whom antecedent un- 
diagnosed hyperglycemia is difficult to exclude. Thereafter, the cu- 
mulative prevalence of neuropathy increased linearly with duration 
of diabetes to nearly 50% after 25 years.” ?® 

The prevalence of neuropathy corrected for duration of dia- 
betes did not differ substantially as a function of age at time of di- 
agnosis,” suggesting that the development of neuropathy is similar 
in TIDM and T2DM despite fundamental differences in the patho- 
genesis of the underlying metabolic abnormality. On the other 
hand, the cumulative prevalence of neuropathy increased with du- 
ration of diabetes much more rapidly and attained a much higher 
prevalence in patients whose diabetes was poorly controlled com- 
pared with those whose diabetes was moderately or well con- 
trolled.” Since diabetic neuropathy also occurs in secondary forms 
of diabetes (pancreatectomy, nonalcoholic pancreatitis, and hema- 
chromatosis),”” neuropathy would appear to be unrelated to the 
underlying pathogenetic mechanism(s) of diabetes but would in- 
stead constitute a concomitant or consequence of the diabetic state 
as defined by hyperglycemia. Thus the preventive effect of inten- 
sive insulin therapy on neuropathy in T1DM established in the 
DCCT”* would be expected to extend to T2DM as well. Indeed, in 
the United Kingdom Prospective Diabetes Study (UKPDS), inten- 
sified diabetes control was associated with less severe deficits of 
vibration perception threshold after 15 years.*° 

The prevalence of diabetic neuropathy, although initially low, 
increases progressively with duration and severity of insulin defi- 
ciency and hyperglycemia.””7*"! However, the relationship be- 
tween immediately antecedent blood glucose control and the devel- 
opment of diabetic clinica! neuropathy is more controversial. The 
appearance of clinically overt diabetic neuropathy clearly does not 
uniformly follow a prolonged period of unambiguous severe in- 
sulin deficiency and hyperglycemia.” Since the development of 
clinically overt neuropathy merely represents a progression from 
long-standing underlying subclinical neuropathy, temporal dissoci- 
ation between the momentary quality of glucose control and the 
development of clinical signs and symptoms of neuropathy is not 
entirely unexpected. As mentioned above, neuropathic symptoms 
and signs in newly diagnosed diabetes are usually confined to 
T2DM, in which the duration of antecedent occult hyperglycemia 
may be prolonged.”’ The sometimes reported “paradoxic precipita- 
tion of neuropathy following institution of good control”? refers 
primarily to the acute onset of painful neuropathic symptoms that 
may as likely reflect repair and regeneration of damaged nerve 
fibers as disease progression.”*** Therefore. despite the close epi- 
demiologic association between clinical neuropathy and the dura- 
tion and severity of hyperglycemia in populations of diabetic pa- 
tients,””?!“¥ the onset of clinically overt diabetic neuropathy in an 
individual patient is an unpredictable event, neither necessarily re- 
flecting concurrent metabolic control** nor following inexorably 
from prolonged and severe hyperglycemia.”’ 

This somewhat loose clinical association can be understood in 
terms of the indolent and occult nature of the underlying subclini- 
cal nerve damage, but it also may indicate the presence of other in- 
dependent pathogenetic variables such as genetic, nutritional, toxic 
(e.g., alcohol" 6), and mechanical (entrapment and compression*') 
factors that may influence the appearance of clinical signs and 
symptoms in individual patients. Unfortunately, clinical neuro- 


pathy was not reassessed in the DCCT until the fifth year after ini- 
tiation of intensive diabetes therapy, so that the temporal associa- 
tion between the institution of diabetes control and the develop- 
ment of neuropathy could not be determined.”° 

A characteristic neurophysiologic defect in diabetes is slowing 
of motor and sensory nerve conduction velocity (NCV), which can 
be attributed to several types of physiologic and anatomic abnor- 
malities. Maximum NCV primarily reflects the integrity of the 
largest and most rapidly conducting myelinated nerve fibers; it is 
only modestly decreased with the selective loss of the largest 
myelinated fibers since smaller fibers conduct only slightly more 
slowly; on the other hand, conduction is markedly slowed with 
widespread demyelination.” Patients with long-standing, estab- 
lished diabetes exhibit consistent but mild evidence of motor and 
sensory conduction slowing, whereas patients with clinically overt 
diabetic neuropathy have slightly more severe electrophysiologic 
abnormalities than patients with subclinical neuropathy.** Motor 
nerve conduction velocity (MNCV) is slightly reduced at diagnosis 
of T1DM, but it improves rapidly with and declines rapidly without 
insulin replacement therapy in a pattern consistent with an initial, 
direct, and reversible metabolic contribution to motor conduction 
slowing in newly diagnosed diabetes.” An initial improvement 
in motor conduction velocity is accompanied by improved vibra- 
tory perception threshold, implying a physiologic significance for 
this reversible functional defect and evidence that both sensory and 
motor fibers are involved."’ Nerve conduction velocity slows pro- 
gressively but modestly in both T1DM and T2DM as a function of 
duration of disease.*** In patients with overt diabetic neuropathy, 
slowing of sensory conduction velocity correlates closely with loss 
of the largest myelinated fibers, with only a small residual compo- 
nent of conduction slowing attributable to other factors, for exam- 
ple, “metabolic” factors (or possible undetected demyelination).° 
Nerve conduction velocity inversely correlates with the degree of 
hyperglycemia as measured by the percentage of glycosylated he- 
moglobin (HbA ie). 

Because the preponderance of conduction slowing in clinically 
established (and most likely also chronic subclinical) diabetic neu- 
ropathy can be accounted for by poorly reversible loss of large 
myelinated fibers, improvement of NCV following acute metabolic 
correction is necessarily confined to that small component of con- 
duction slowing not attributed to nerve fiber loss.*! Motor conduc- 
tion velocity improves slightly but proportionately with HbA,, in 
response to metabolic therapy in chronic stable T2DM.*° Similarly, 
intensified insulin treatment that attains near-normoglycemia sig- 
nificantly improves but does not normalize peripheral NCV in 
TIDM."°-** Although consistent with a direct metabolic affect on 
nerve conduction slowing in established diabetes, these responses, 
extending over several weeks to months, do not preclude signifi- 
cant structural repair of damaged nerve fibers. 

Rapid effects of acute blood glucose normalization on nerve 
conduction do indeed suggest a small but direct metabolic contri- 
bution to nerve conduction slowing in human diabetes. Gallai and 
associates” studied motor and sensory conduction velocities in 
multiple peripheral nerves in 16 diabetic patients, 8 with and 8 
without clinical neuropathy, before and after 3 days of treatment 
with a microprocessor-controlled “artificial pancreas,” the Biosta- 
tor™. Conduction velocity improved in peroneal and tibial motor 
and median sensory nerves, but only in those patients with clinical 
neuropathy. Service and coworkers™’ studied eight hyperglycemic 
subjects with T1DM before and after 72 hours of Biostator regula- 
tion and found improvement in ulnar sensory conduction velocity 
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(+3.2 + 1.4 m/s) but not in 24 other electrophysiologic parameters 
measured; they concluded that no consistent improvement in nerve 
function was demonstrable. Troni and coworkers”! studied H-reflex 
conduction velocity (n-HCV; a parameter with less day-to-day 
variation than standard nerve conduction) in subjects with short- 
duration TIDM before and during 2 days of Biostator gluco- 
regulation. Reduced n-HCV was increased from 1 to 3 m/s after 
48 hours of Biostator treatment and also increased progressively 
over 6 months of intensive insulin therapy in other subjects with 
TDM in conjunction with improvement in HbA,,. 

These observations suggest that a portion of nerve conduction 
slowing in diabetic patients is rapidly reversible with metabolic 
therapy and therefore probably reflects a direct biochemical or bio- 
physical contribution related to metabolic abnormalities in periph- 
eral nerve rather than structural abnormalities. Hence, the nerve 
conduction impairment in diabetes probably reflects the combined 
effects of rapidly reversible biochemical and somewhat less readily 
reversible structural abnormalities in peripheral nerve that cannot 
be easily distinguished by standard electrophysiologic techniques. 

Although conduction slowing is usually more pronounced in 
diabetic patients with clinically overt neuropathy, the predictive 
value of conduction impairment for either the subsequent develop- 
ment or clinical course of clinical diabetic neuropathy has not been 
established.’ Therefore, the promising observation that metabolic 
intervention rapidly improves nerve conduction in diabetic patients 
does not constitute evidence that such treatment will prevent or 
ameliorate the subsequent development of diabetic neuropathy. 
However, intensive diabetes therapy in the DCCT that prevented 
the development of neuropathy after 5 years was associated with a 
demonstrable increase in NCV at 1 year (DCCT Study Group, per- 
sonal communication). 

Clinical improvement in overt diabetic neuropathy following 
institution of improved metabolic control by intensive insulin ther- 
apy” would suggest a continuing role for the altered nerve metab- 
olism in established diabetic neuropathy. Although such improve- 
ment has been anecdotally reported, appropriately controlled 
studies that include untreated age- and sex-matched patients with 
similar type and duration of diabetic neuropathy are not available 
to confirm the validity of these clinical impressions. Controlled 
randomized prospective clinical trials comparing treatment strate- 
gies that do and do not consistently and predictably lower blood 
glucose using endpoints that reliably chart the progression of clini- 
cally relevant nerve disease are required to establish the efficacy 
of metabolic therapy in the prevention and treatment of diabetic 
neuropathy. 

Two pilot studies for long-term, randomized controlled 
prospective intervention trials offered promising results. Holman 
and colleagues** studied 74 TIDM subjects randomly assigned to 
“usual” or “intensified” insulin and dietary therapy for 24 months. 
The HbA,, was significantly lowered by intensive insulin therapy. 
Vibratory sensory threshold over both lateral malleoli and the me- 
dial border of the distal phalanx of both great toes was assessed at 
baseline and yearly thereafter with a biothesiometer. At the com- 
pletion of the trial, mean vibratory threshold had worsened in the 
conventionally treated group and improved in the intensively 
treated group. The authors therefore concluded that intensive in- 
sulin therapy prevented deterioration of vibratory sensation that 
otherwise occurs in subjects with TIDM on conventional insulin 
therapy. Service and coworkers*’ studied T1DM subjects randomly 
assigned to either conventional treatment or therapy using continu- 
ous subcutaneous insulin infusion (CSII) with an insulin pump. By 
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8 months, statistically significant differences in nerve conduct 
and vibratory threshold were found favoring the CSIl-trea 
groups, supporting the observations of Holman and associates.“ 
increasing vibratory perception threshold and/or slowed nerve c 
duction are true harbingers of clinically overt neuropathy, th 
long-term intensive insulin therapy should delay or prevent the ¢ 
velopment of diabetic neuropathy. 

More definitive data were provided by the large-scale DCC 
This trial studied the prevalence of clinical diabetic neuropat 
confirmed by abnormal nerve conduction or autonomic testing 
T1DM subjects randomly assigned to intensive versus conve 
tional diabetes therapy for 5 years. Intensive therapy decreased tl 
tisk of development of confirmed clinical neuropathy (diagnos« 
by neurologic history and physical examination and confirmed t 
nerve conduction or autonomic function studies) at year 5 by 69: 
(from 9.8% to 3.1% in the primary prevention cohort) and 57: 
(from 16.1% to 7.0% in the secondary intervention cohort), with a 
overall risk reduction of 60%.°* The DCCT was not designed | 
test the efficacy of intensive therapy in the treatment of diabeti 
neuropathy, and patients with clinically significant diabetic nev 
ropathy were excluded from the study. However, 450 patients < 
baseline had at least one abnormality on clinical examination an 
were defined as having “possible or definite” clinical neuropathy 
The frequency of abnormal nerve conduction was roughly twice a 
great in patients with possible or definite neuropathy compare: 
with those without neuropathy. The likelihood of having abnorma 
nerve conduction was significantly reduced in patients with possi 
ble or definite neuropathy treated with intensive (37%) versus con: 
ventional (56%) therapy at 5 years (p < 0.001). Thus, although no 
designed to examine the question directly, the DCCT is consistent 
with the belief that intensive diabetes treatment may benefit pa- 
tients with existing diabetic neuropathy, at least in its very earliest 
stage. 

The results of the DCCT clearly implicate hyperglycemia and 
related metabolic abnormalities as overriding factors in the devel- 
opment of clinical neuropathy in TIDM. The similar temporal, 
anatomic, and clinical characteristics of polyneuropathy in TDM 
and T2DM would make extrapolation of this conclusion to T2DM 
not unreasonable. These results unequivocally implicate metabolic 
abnormalities associated with insulin deficiency and/or hyper- 
glycemia in the pathogenesis of diabetic polyneuropathy in pa- 
tients with TIDM. 


Glucose Control and Diabetic 
Autonomic Neuropathy 


A beneficial effect of metabolic control on the development or pro- 
gression of cardiovascular diabetic autonomic neuropathy (DAN) 
should significantly improve the overall prognosis for diabetes. 
The relationship of metabolic control to progression of abnormali- 
ties of autonomic function has been unclear. Improved metabolic 
control has been reported to slow the progression of heart rate vari- 
ability (HRV) deficits in T1DM patients in some studies****~> but 
not in others.“ As described above, in the DCCT, intensive ther- 
apy was able to slow the progression and development of abnormal 
autonomic tests.’ The variability of the reported beneficial effects 
of good glycemic control on the development or progression of 
DAN could reflect a number of factors including inadequacy of 
glycemic control, insufficient study duration, too advanced DAN, 
or insensitivity of the cardiovascular autonomic function tests 
utilized. 
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Direct assessment of cardiac sympathetic integrity has be- 
come possible with the introduction of radiolabeled analogs of 
‘norepinephrine, which are actively taken up by the sympathetic 
nerve terminals of the heart.>°-"™ Quantitative scintigraphic assess- 
ment of the pattern of sympathetic innervation of the human heart 
is possible with either C” metaiodobenzylguanidine (MIBG) or 
[''C] hydroxyephedrine (HED), which may offer greater sensitiv- 
ity to detect subtle degrees of DAN than is possible by reflex 
testing. In cross-sectional studies, for example, deficits of left 
ventricular (LV) ('?I] MIBG and [''C] HED retention have been 
identified in diabetic subjects without abnormalities on cardiovas- 
cular reflex testing® and have been reported even in newly diag- 
nosed diabetes.“ Widespread abnormalities of myocardial LV 
MIBG uptake have been reported in metabolically compromised 
newly diagnosed IDDM subjects; these are partially correctable 
by intensive insulin therapy and appear to be indicative of a hy- 
perglycemia- or insulin deficiency—induced acute neuronal dys- 
function. Recent scintigraphic studies have shown that poor gly- 
cemic contro] has been shown to result in progression of LV 
sympathetic dysinnervation, which can be prevented™ or reversed™ 
by the institution of near-euglycemia. Thus quantitative scinti- 
graphic imaging techniques such as HED positron emission to- 
mography (PET) and MIBG single-photon emission computed to- 
mography (SPECT) have confirmed the importance of glycemic 
control in the development, progression, or reversal of myocardial 
sympathetic dysinnervation. 


ANIMAL MODELS OF DIABETIC NEUROPATHY 


Studies in a wide range of diabetic animal models also firmly im- 
Plicate insulin deficiency and/or hyperglycemia in the genesis of 
biochemical, functional, and structural abnormalities in peripheral 
nerve that seem to parallel at least the early stages of the develop- 
ment of human diabetic peripheral nerve disease. The first experi- 
mental evidence of diabetic neuropathy was the demonstration of 
acute nerve conduction slowing in alloxan-diabetic rats by Elias- 
son. Other investigators soon suggested that impaired NCV in 
rats with experimental diabetes could be improved by insulin treat- 
ment.°’ Diabetic animal models have since served as invaluable 
tools with which to explore relationships among metabolic and mi- 
crovascular abnormalities, functional deficits, and neuroanatomic 
changes under strict experimental conditions (Table 44-1). These 
models can be separated into those in which diabetes is induced by 
chemical agents cytotoxic to pancreatic B cells (streptozocin and 
alloxan), and those in which diabetes occurs spontaneously, sec- 


ondary to genetic mutations (the BB rat, db/db mouse, and Chinese 
hamster). Both alloxan- and streptozocin-induced diabetes in ani- 
mals, particularly streptozocin-diabetic (STZ-D) rats, have con- 
tributed enormously to our understanding of metabolic events in 
the diabetic nerve. Alloxan or streptozocin diabetes simulates that 
seen in insulin-dependent diabetes in humans with respect to the 
pancreatic B-cell destruction. 

Hyperglycemia, the principal clinical finding signifying dia- 
betes mellitus, is thought to be an initiating etiologic event in sev- 
eral complications of diabetes. Because galactose intoxication can 
produce hyperglycemia (albeit with a different sugar) without a sig- 
nificant hypoinsulinemia, it has been used to assess the role of 
hyperglycemia per se in the pathogenesis of diabetic complications. 


Diminished Nerve Conduction Velocity 
in Diabetic Animal Models 


The slowing of NCV in the alloxan-diabetic rat initiated the use of 
experimentally and spontaneously diabetic rodents in the study of 
the pathogenesis of diabetic neuropathy. Nerve conduction velocity 
has subsequently been measured in many animal models of dia- 
betes and is generally found to be decreased.” The factors influ- 
encing the development of impaired sciatic motor NCV in acutely 
diabetic streptozocin rats were originally investigated by Greene 
and coworkers.’! They showed that decreased MNCV in surgically 
exposed temperature-controlled sciatic nerve developed 2 weeks 
after streptozocin administration, but only in animals that became 
hyperglycemic. Insulin treatment prevented impaired MNCV in 
diabetic animals.’' These studies were the first to establish conclu- 
sively that insulin deficiency, hyperglycemia, or both are primary 
factors in the development of impaired MNCV in acute experi- 
mental diabetes. Subsequent studies in the acutely streptozocin- 
diabetic rat, the BB rat, and the db/db mouse have confirmed the 
initial findings by Greene and coworkers. 7°7273 

The evidence that the slowing of nerve conduction in acute 
experimental diabetes results from metabolic alterations caused 
by insulin deficiency and hyperglycemia” is readily reversible 
with metabolic (and or nerve perfusion) correction” and occurs in 
the absence of widespread evidence of structural defects such as 
demyelination, axonal atrophy, or axonal degeneration” or con- 
tributory vascular abnormalities”? prompted a search for an under- 
lying biophysical/metabolic mechanism. As discussed below, 
endoneurial hypoxia, oxidative stress, nerve energy deficits, de- 
creased (Na,K)-ATPase activity, and impaired neurotrophism have 
emerged as critical mediators of hyperglycemia-induced nerve 
damage.” 


TABLE 44-1. Putative Metabolic Initiators and Physiologic Mediators of Glucose Toxicity 


in Experimental Diabetic Neuropathy 


Metabolic Initiator 


Nonenzymatic glycation 

Sorbitol pathway 

Glucose auto-oxidation 

Protein kinase C activation 
Schwann cells 


Perineneurial cells 


Tissue Compartment 


Endoneurial microcirculation 
Perineurial/cpineurial vessels 
Dorsal root/anterior hom neurons 
Myelinated/unmyelinated axons 


Physiologic Mediator 


Interruption of nerve blood flow 
Mitochondrial dysfunction 
Reduced neurotrophic support 
Osmolyte derangements 


Distal motor/sensory projections 


Source: Reproduced with permission from Greene DA, Obrosova IG, Stevens MJ. er al: Pathway of glucosc-mediated oxidative 
stress in diabetic neuropathy. In: Packer L, Rosen P. Tritschler HJ, cds. Antioxidants in Diabetes Management. Marcel Dekker: 


1999.1 11. 
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The Biochemical Pathobiology and 
Pathophysiology of Diabetic Peripheral Nerve 


The observations that the severity of hyperglycemia is a risk factor 
for the development of neuropathy, that more vigorous metabolic 
treatment prevents or delays neuropathy”® and improves nerve 
function in diabetic subjects, and that hyperglycemia and its meta- 
bolic consequences have been linked to abnormal nerve function 
and biochemistry in laboratory animals have led to a search for 
possible biochemical mechanisms by which insulin deficiency 
and/or hyperglycemia might adversely affect peripheral nerve. 
Insulin-deficient diabetic subjects exhibit impaired nerve con- 
duction, which is rapidly reversed by insulin replacement.*°“°*! 
The rapidity with which metabolic intervention improves nerve con- 
duction in insulin-deficient diabetic subjects***””* would strongly 
suggest that a component of nerve conduction slowing in diabetic 
patients probably reflects a direct biochemical or biophysical contri- 
bution related to metabolic factors rather than structural abnormali- 
ties. As discussed previously, the analogous rapidly reversible nerve 
conduction slowing in acutely diabetic animals occurs without fixed 
alterations of peripheral nerve structure. Therefore, early and re- 
versible slowing of nerve conduction in animal diabetes has been 
attributed to acute metabolic disturbances that occur in axons, 
Schwann cells, endoneurial microvessels, and/or their endoneurial 
environment” as a consequence of acute insulin deficiency.’"7®” 
Detailed analysis of the biochemical factors contributing to the 
acutely reversible slowing of nerve conduction in short-term dia- 
betic animals was viewed as a productive point to initiate studies to 
identify factors that might contribute to the pathogenesis of diabetic 
neuropathy. At present, there are six distinct but not mutually exclu- 
sive and possibly interrelated hypotheses for the pathogenesis of 
diabetic neuropathy: the sorbitol, hypoxia-ischemia, nonenzymatic 
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glycation, oxidative stress, apoptosis, and altered neurotrophi 
hypotheses. 


Altered Nerve Metabolism in Acutely 
Diabetic Rodents 


The so-called metabolic hypotheses of diabetic neuropathy arg 

that metabolic derangements induced by hyperglycemia, insu’ 

deficiency, or both in one or more of the cellular components of p 

ripheral nerve, over time, contribute to progressive functional ai 

structural defects that ultimately culminate in sufficiently seve 

nerve damage as to produce clinically detectable neurolog 
deficits. Exploration of the acute effects of diabetes on nerve m 
tabolism and function would constitute a logical venue tor the d 
velopment of specific pathogenetic hypotheses for the disea: 
process. Multiple metabolic and pharmacologic manipulatior 
have recently been shown to modulate the slowing of NCV, reduc 
tion of nerve blood flow, resistance of nerve impulse conduction t 
ischemia, and impaired axonal transport in the acutely diabetic ri 
(Table 44-2).”"8°%! Each of these invokes a distinct pathogeneti 
hypothesis for diabetic neuropathy,” 31-83 most of which involv 
alterations in nerve energy metabolism. 


Nerve Fuel and Energy Metabolism 


Peripheral nerve metabolism shares many characteristics with thi 
central nervous system (CNS).*'“*? Glucose entry into periphera 
nerve and brain is neither directly regulated by insulin nor rate- 
limiting for glucose oxidation (its major metabolic fate), "+ sc 
that insulin deficiency should not directly deprive peripheral nerve 
of adequate metabolic substrate nor should hyperglycemia di- 


rectly stimulate glycolytic flux by mass action. Glucose uptake 


TABLE 44-2. Therapeutic Responses of Neuropathy in Animal Models of Diabetes Mellitus 


Treatment 


Motor Conduction Velocity Nerve Blood Flow 


ARIs 
Insulin 
Myoinositol 
Antioxidants 
Prostaglandin E, analog 
COX-2 inhibitor 
Protein kinase C B1 inhibitors 
Essential fatty acids 
Nitric oxide donors 
Gangliosides 
Guanethidine 
ACE inhibitors 
Prazosin 
Potassium channel openers 
B2 adrenoreceptor 
Agonist/a, antagonist 
Islet cell pancreas allotransplantation 
ACTH (4-9) analog 
Chronic electrical activation 
Aminoguanidine 
Acetylcarnitine 
Acarbose 
Methylcobalamin-vitamin B mixture 
Hyperbaric oxygen/oxygen supplementation 
Piroxicam 


+ 


+t+tt+t++++++++t 


t++eeeeeetst 


Nerve Axoplasmic Transport Evoked Amplitude 


+++] +t+t+++++i+ 
| 
l 


+, reported effect: — not known or no effect. ACE. angiotensin-converting enzyme; ACTH, adrenocorticotropic hormone: ARI, aldose reductase inhibitor; cox, cyclo-oxygenase. 
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into the sciatic nerve of STZ-D rats has been reported to be de- 
creased,** which perhaps reflects posttranslational modification of 
the principal glucose transporters in sciatic nerve, GLUT-1 and 
GLUT-3. Nerve adenosine triphosphate (ATP) concentrations 
have been reported to be unchanged in diabetic rats, and phospho- 
creatine (PCr) concentrations and PCr:creatine (Cr; a highly sen- 
sitive parameter of peripheral nerve energy state)***’ ratios re- 
duced in diabetic rats. The decrease in cytoplasmic high-energy 
phosphate stores parallels the reduction of endoneurial blood flow 
and endoneurial hypoxia?’ and is sensitive to vasodilator therapy, 
which corrects these deficits. A report of increased rather than 
decreased nerve high-energy phosphate compounds in STZ-D 
rats* may be explained by the use of slow-acting systemic anes- 
thesia for such tissue sampling, since increased metabolic sub- 
strate for, and adaptation to, anaerobic metabolism may render 
diabetic nerve more resistant to the bioenergetic effects of anes- 
thetic hypoxia and/or ischemia.” B-Hydroxybutyrates, but not 
long-chain fatty acids, serve as major alternative energy sub- 
strates.??* The metabolic role of amino acid oxidation is unclear, 
although amino acid transport but not content is impaired in dia- 
betic rabbit nerve.”' On the other hand, carbohydrate metabolism 
is deranged in diabetic nerve, largely through stimulation of the 
aldose reductase (AR) or “polyol” pathway, the effect of which 
has been explored by using specific aldose reductase inhibitors 
(ARIs) as metabolic probes. 


Aldose Reductase and the Sorbitol Pathway 


Recent evidence has served to reinforce the link between increased 
sorbitol pathway flux and the presence of diabetic complica- 
tions’? including severe neuropathy.” The concept that aberrant 
overexpression of the AR gene may predispose to the development 
of microvascular complications has received support by the identi- 
fication of polymorphisms at the 5’ end of the AR gene that are 
strongly associated with the presence of neuropathy in diabetic 
subjects.” 

Two distinct (but not mutually exclusive) biochemical conse- 
quences of increased metabolic flux of glucose through the sorbitol 
pathway have been invoked to explain the short-term and long-term 
deleterious effects of hyperglycemia on diabetic nerve and other 
complication-prone tissues. These are the osmoregulatory conse- 
quences of sorbitol accumulation (the osmotic or compatible os- 
molyte hypothesis}™® and the effect of the sorbitol pathway on the 
NADH/NAD and NADPH/NADP redox couples linked, respec- 
tively, to sorbitol dehydrogenase (SDH) and AR (the redox hypo- 
thesis)” Studies with specific ARIs strongly implicate this 
metabolic pathway in the pathogenesis of diabetic peripheral neuro- 
pathy (DPN; and perhaps other diabetic complications).”!”? In ex- 
perimental diabetic neuropathy in the rat, ARIs prevent, reverse, or 
moderate various defects in NCV7**0*'°8-'™ and ameliorate nerve 
fiber damage and loss.” In diabetic patients with DPN, potent ARIs 
improve NCV.*!? In multicenter placebo-controlled clinical trials 
in patients with DPN, doses of potent ARIs that lower sural nerve 
sorbitol content by 80-85% also reverse the histologic loss of 
myelinated sensory nerve fibers.” The yearly improvements in 
NCV and myelinated nerve fiber density (MNFD) with effective 
ARI treatment exceed the magnitude of the yearly loss of MNFD 
and NCV in untreated diabetic subjects, and they approximate the 
magnitude of change deemed clinically evident and significant. 

The precise mechanisms and the critical loci at which the ben- 
eficial effects of ARIs are achieved remain controversial. ARIs cor- 


rect many fundamental deficits in experimental diabetic neuro- 
pathy (EDN), including impaired axonal transport,'°' decreased 
neurotrophism,'°>'™ nerve osmolyte depletion,”*!™ redox distur- 
bances,'™ increased oxidative stress, ™!” activation of protein 
kinase c (PKC),'®'®’ depressed nerve (Na,K)-ATPase activ- 
ity,”*'™ depletion of vasoactive agents.” and nerve blood flow 
deficits.'°?:'!° Osmolyte disturbance secondary to sorbitol accumu- 
lation and compensatory depletion of taurine and myoinositol (MI) 
comprise only one limb of AR pathway effects. Redox distur- 
bances resulting from shifts in adenine nucleotide cofactor couples, 
and nonenzymatic glycation/glycoxidation resulting from fructose 
production comprise the two other principal pathogenetic path- 
ways that may contribute to the deleterious effects of AR pathway 
activation. 


The Sorbitol-Osmotic Hypothesis 


Kinoshita’s''' classical osmotic hypothesis of diabetic complica- 


tions invoked cell “swelling,” particularly in the ocular lens ex- 
posed to hyperglycemia, as the direct osmotic consequence of in- 
tracellular sorbitol accumulation. A modern revision of the osmotic 
hypothesis identifies sorbitol as one of a class of nonionic, nonper- 
turbing, “compatible” intracellular osmolytes that include MI, tau- 
rine, betaine, and glycerophosphorylcholine.”* These osmolytes 
are thought to buffer the cell physiologically against extreme os- 
motic stress, such as that normally encountered during antidiuresis 
in the renal medulla. Nonmedullary and even nonrenal cells ex- 
posed to hypertonicity exhibit the same compensatory mechanisms 
even though they rarely if ever encounter such stress in vivo. Under 
hypertonic stress, these compatible osmolytes accumulate intracel- 
lularly in a carefully balanced and regulated compensatory fashion 
through the induction of relevant genes such as AR, the Na-MI and 
Na-taurine cotransporters, and others.' i 

Osmotic induction of these genes is widespread and may occur 
in response to much smaller osmotic shifts than previously sus- 
pected. Hyperglycemia-induced isotonic sorbitol accumulation is 
unaccompanied by osmotic induction of other osmoresponsive 
genes.''*''4 Indeed, the subtle osmotic effects of intracellular sor- 
bitol accumulation (producing a “relative” extracellular hypotonic 
state) are thought to downregulate the other Na’ -osmolyte cotrans- 
porters.'-''® Osmoregulatory genes are transcriptionally upregu- 
lated''® (but not apparently downregulated)'"’ by homologous 
tonicity elements in their 5’ flanking sequence.'!® These respond to 
a tonicity element binding protein that binds in response to hyper- 
tonic stress.” By raising intracellular osmolality, sorbitol accu- 
mulation is presumed to downregulate these compatible osmolyte 
genes transciptionally and/or to activate osmolyte efflux posttrans- 
lationally through the volume-sensitive osmolyte anion channel 
(VSOAC).''® Potentially, sorbitol-induced intracellular osmotic 
stress may contribute to depletion of reduced glutathione (GSH) 
and thereby exacerbate oxidative stress. Indeed, GSH depletion is 
aggravated in complication-prone tissues by therapeutic interven- 
tions such as sorbitol dehydrogenase inhibitors, which aggravate 
sorbitol accumulation,'!” or by overexpression of the AR gene 
(Fig. 44-1). 

AR-mediated oxidative stress may also promote MI and tau- 
rine depletion directly via downregulation of sodium-dependent 
MI transporter (SMIT) and the taurine transporter or indirectly 
through disruption of the (Na,K)-ATPase—generated Na* -gradient, 
which is required for the active uptake of MI and taurine.’ 17 The 
ability of the antioxidant a-lipoic acid to correct nerve MI and 
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FIGURE 44-1. Potential mechanisms whereby activation of the aldose re- 
ductase pathway may exacerbate oxidative stress. Activation of the aldose 
reductase (AR) pathway consumes NADPH and provokes intracellular sor- 
bitol accumulation, resulting in osmotic stress and the compensatory deple- 
tion of the organic osmolytes taurine and myoinositol and perhaps deple- 
tion of reduced glutathione (GSH). In tum, this will promote oxidative 
stress and alterations in signal transduction pathways. Sorbitol oxidation by 
sorbitol dehydrogenase (SDH) promotes the formation of NADH (“‘pseudo- 
hypoxia”) and leads to the formation of fructose, which is a potent glycosy- 
lator. Increased oxidative stress results in disruption of vasoactive agents 
and reduced nerve blood flow, which compromises mitochondrial function, 
leading to nerve energy deficits and nerve conduction velocity (NCV) 
slowing. 


taurine content®”!”° implicates multiple interconnected pathways 


by which glucose flux through AR can result in osmolyte depletion. 
Therefore, in diabetes, AR activation may result in the depletion of 
intracellular osmolytes, rendering them rate-limiting for normal 
intracellular metabolism.***' In some cells, MI depletion is pro- 
found enough to limit the synthesis of phosphatidylinositol (PI) by 
cytidine-diphospho-diglyceride-inositol 3-phosphatidyltransferase 
(PI synthase),'*' secondarily altering phosphoinositide (PPI) turn- 
over and the generation of PI-derived second messengers such as 
diacylglycerols (DAGs) thought to critically regulate (Na,*K*)- 
ATPase.”*:'” In concert, depletion of taurine, an important endoge- 
nous antioxidant,!?* calcium modulator,!**'!”° PKC antagonist,” 
and neurotransmitter,” may compound chronic cytotoxicity in di- 
abetes by interaction with a complex matrix of biochemical mech- 
anisms outlined below. However, as described below, ascribing 
nerve osmolyte depletion entirely to the osmotic stress resulting 
from exaggerated accumulation of intracellular sorbitol appears to 
be an oversimplification, as levels of nerve MI and taurine can be 
changed in diabetic and nondiabetic nerve independently of nerve 
sorbitol levels. 

Depletion of nerve MI has been invoked as an important medi- 
ator of the effect of sorbitol pathway activation on NCV slowing in 
acute experimental diabetes,°”’?*° although this view has recently 
been challenged.'°*'?”:'78 Oral 1% MI supplementation, whether 
given in chow!” or synthetic diet,’”**'*° corrects sciatic nerve MI 
depletion and reproduces the beneficial effects of ARI treatment on 
slowed NCV,'®-!©'3! reduced nerve blood flow,'*! and the devel- 
opment of paranodal axonal swelling in the STZ-D and sponta- 
neously diabetic BB rat models of EDN. The oral dose of MI ap- 
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pears to be critical, since 3% MI supplementation is not efficaci 
and produces some slowing of MNCV in nondiabetic rats.'” 1 
may reflect reciprocal depletion of other compatible osmoly 
such as taurine." Feeding I-fucose, a competitive inhibitor 
SMIT activity, to normal rats reproduces the nerve MI deplet 
and the impaired nerve electrophysiology and (Na,K)-ATPase 

tivity found in diabetic rats; these are corrected by MI supplem: 
tation given simultaneously with I-fucose.'?? SMIT activity 
herve is competitively inhibited by glucose, but it remains dim 
ished in diabetic nerve exposed to normal glucose in vitro?! sı 
gesting intrinsically impaired SMIT expression or function. 

Depletion of intracellular MI has been thought to render it ra 
limiting for the membrane PI synthesis and turnover” necessi 
for phospholipase C-mediated, G protein—associated signal trar 
duction. This has been speculated to lead to diminished PJ-deriv 
DAG and impaired activation of PKC, which may link altered } 
metabolism to defective (Na,K)-ATPase regulation in diabe 
nerve. This assertion is based on the observations that (Na,K 
ATPase activity,®”!** arachidonyl-DAG,'“ and PKC activation 
are diminished in diabetic nerve and that dietary MI supplement 
tion in vivo" or exogenous PKC agonists in vitro'** correct ir 
paired nerve (Na,K)-ATPase activity. In addition, MI depletic 
through its effects on signal transduction pathways and fatty ac 
metabolism may impair nitric oxide synthase (NOS) acti 
ity 77-657 and/or lipoxygenase/COX pathways,” resulting 
widespread metabolic and vascular deficits through the disruptic 
of nitric oxide (NO) and prostaglandin metabolism at the lev 
of the sympathetic ganglia, peripheral neuron, or endoneuri. 
vasculature. 

Depletion of the B-amino acid taurine (2-aminoethanesulfoni 
acid)'0-'3%' in complication- prone diabetic tissues including th 
peripheral nerve'™ has recently emerged as an important mediatc 
of glucotoxicity. Taurine has antioxidant'?*'*' properties, an 
high taurine concentrations are found in tissues subject to oxidz 
tive stress, including rat lens,'*°'? kidney,'*? heart,'**!™ an 
nerve.'™ In the sciatic nerve, taurine levels are depressed in dia 
betic rats,'!** and nerve taurine replacement ameliorates deficit 
of nerve blood flow, (Na,K)-ATPase activity, and NCV in EDN," 
suggesting an important modulatory role for taurine on nerv: 
function. 

Recently, an important role has emerged for taurine in the reg 
ulation of micro- and macrovascular function. Taurine has beei 
demonstrated in the endothelial cells of rat cerebellar cortex capil 
laries as well as in the perivascular glia and neurons that innervate 
the vasculature, consistent with a role for taurine in the regulatior 
of microvascular function within the CNS.'“¢ In human endothelia 
cells, taurine has also been shown to prevent apoptosis and main- 
tain cell function after exposure to lipopolysaccharide, tumo1 
necrosis factor-a, and calcium ionophore, supporting a role for tau- 
rine in antioxidative defense and regulation of intracellular calcium 
flux’? in the endothelium. In STZ-D mice, a taurine-supplemented 
diet has been shown to normalize endothelium-dependent relax- 
ation of aortic rings.'** Immunohistochemical studies of the distri- 
bution of taurine in the peripheral nerve of diabetic rodents have lo- 
calized taurine to the endothelium of the endoneurial vascular and 
Schwann cells," consistent with its function in regulating en- 
doneurial blood flow and (Na,K)-ATPase activity. 

In addition to its antioxidant effects, taurine modulates intrace]- 
lular Ca?* flux!?4!?5-'4-149 and PKC activation." Taurine lowers 
cytosolic Ca?* by stimulating mitochondrial uptake,'**'* inhibit- 
ing PI turnover,'* and decreasing internal Ca** flux,'” thereby 
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inhibiting Ca?*-dependent PKC activation.'?> Thus intracellular 
taurine depletion in diabetes may contribute to the glucose-induced 
activation of PKC, which has been invoked in the pathogenesis of 
diabetic complications'™!*' including DPN.'*?'*? In addition, 
neuronal and glial taurine are thought to function as an osmoregu- 
lator, neuromodulator, or inhibitory neurotransmitter, 126.154-156 g 
well as a neurotrophic agent.'*’ Taurine may also modulate neu- 
ronal hyperexcitability by producing hyperpolarization or by in- 
hibiting Ca?*/calmodulin-dependent protein kinases, and its deple- 
tion may therefore play a role in the pathogenesis of painful 
neuropathy.'” 


Polyol Pathway and Redox Potential 


Glucose flux through AR and SDH oxidizes the NADPH/NADP 
and reduces the NADH/NAD redox couple, thereby disturbing the 
adenine nucleotide—linked reaction that functions near the redox 
equilibrium. Depletion of glutathione secondary to oxidation of the 
NADPH/NADP couple has been proposed to increase susceptibilty 
to oxidative stress.' Alternatively, the reduction of NADH/NAD 
coupled to the oxidation of glucose-derived sorbitol to fructose favors 
lactate production and the diversion of glycolytic intermediates to the 
synthesis of phospholipid precursors such as a-glycerophosphate, 
phosphatidic acid, DAG, and cytidine-diphospho-diglyceride (CDP- 
DG). This flux may also interfere with B-oxidation of long-chain fatty 
acids, resulting in a metabolic “pseudohypoxia.” 

Both AR-mediated NADPH oxidation and SDH-mediated 
NAD reduction have been implicated in diabetes-induced changes 
in nicotinamide adenine nucleotide homeostasis (increase in free 
cytosolic NADP*:NADPH and decrease in free cytosolic NAD*: 
NADH ratios) as well as the antioxidant and metabolic deficits 
contributing to diabetic neuropathy, retinopathy, and cataract for- 
mation.” 8-1% In particular, it has been suggested that a defi- 
ciency of NADPH, a cofactor shared by AR, glutathione reductase, 
and NOS, is responsible for diabetes-induced depletion of GSH 
and total glutathione, and thus enhanced oxidative stress, in the 
lens and peripheral nerve, ™!™!58 and decreased endoneurial 
nutritive blood flow.’ There are a number of findings, however, 
that are difficult to reconcile with these putative redox cycling 
mechanisms: (1) the absence of a reciprocal increase of oxidized 
glutathione (GSSG) levels in concert with the diabetes-induced de- 
crease in GSH levels in the peripheral nerve'*!. (2) a decrease in 
free cytosolic NADP* :NADPH ratios in the nerve'™ of acutely di- 
abetic rodents; and (3) exacerbated depletion of nonenzymatic an- 
tioxidants (GSH and ascorbate) and increased lipid peroxidation in 
diabetic peripheral nerve by SDH inhibition.'™ None of these three 
factors are consistent with the possibility that increased redox 
cycling mechanisms contribute to diabetic complications. 

It has been proposed that SDH-mediated NAD-redox imbal- 
ances (so-called pseudohypoxia) constitute the principal mecha- 
nism responsible for polyol pathway—mediated diabetic complica- 
tions.” This has been explored in rodent models using sorbitol 
dehydrogenase inhibitors (SDIs),'“'!®° as well as SDH-deficient 
and SDH-knockout mouse models.'©'*° SDH was found to accel- 
erate, rather than retard, the development of autonomic dysfunc- 
tion.'® In the peripheral nervous system there have been conflict- 
ing results: Some laboratories have found beneficial effects of SDIs 
on nerve electrophysiologic deficits using a prevention paradigm in 
diabetic rats,!®’ whereas others have failed to find any beneficial ef- 
fect on neurovascular or functional deficits using an interventional 
approach.'® Moreover, the relationship of polyol accumulation 


and nerve dysfunction has also been explored in SDH-deficient 
mutant mice (CS7BL/LiA), which have exaggerated sorbitol accu- 
mulation but fructose depletion in the peripheral nerve. Diabetic 
SDH-deficient mice showed MNCV slowing similar to that in nor- 
mal diabetic mice, thereby suggesting that increased flux through 
SDH is not responsible for MNCV slowing in experimental 
diabetes.'* 

Recent reports have reinforced the view that increased flux 
through SDH cannot account for changes in the dynamic system of 
nicotinamide nucleotides in complication-prone diabetic tissues. 
SDI treatment that resulted in >90% inhibition of increased flux 
through SDH in the nerve failed to ameliorate free cytosolic 
NAD*:NADH ratios and actually exacerbated tissue oxidative 
stress and energy deficiency (manifested by accumulation of lipid 
aldehydes and further reductions in GSH, PCr, and PCr: Cr ratio in 
the peripheral nerve of SD1-treated diabetic rats).'°*!* Potentially, 
diabetes-induced NAD-redox imbalances could promote oxidative 
stress by resulting in the accumulation of triose phosphates (DHAP 
and GP), with their subsequent auto-oxidation and formation of 
methylglyoxal,'’ which generates free radicals and impairs an- 
tioxidative defense.'”’ Exacerbation of tissue oxidative injury in 
spite of improvement in NAD* : NADH ratios coupled with SDI 
treatment’ suggests that adverse effects (potentially mediated in 
part by osmotic disturbances such as taurine depletion) predomi- 
nate over putative beneficial (NAD-redox) effects of SDH inhibi- 
tion on oxidative stress. 

The ability of other metabolic manipulations to improve nerve 
conduction or other aspects of the neuropathy associated with dia- 
betes in the rat implies the existence of other contributory factors, 
some of which may or may not be related to the sorbitol pathway. 
In particular, various compounds that promote vasodilation im- 
prove nerve electrophysiology in experimental diabetes, as do 
compounds with either neurotransmitter or neurotrophic action. 
Furthermore, recent observations are consistent with the hypothe- 
sis that reductions in cyclic AMP in rat nerve may contribute to im- 
paired (Na,K)-ATPase activity. 


Signal Transduction, Nerve Osmolytes, 
and Nerve Conduction 


Glucose-induced alterations in signal transduction pathways are 
thought to play a critical role in the development of DPN. How- 
ever, heterogeneous and complex cell-specific relationships be- 
tween ambient glucose and intracellular signaling have been re- 
ported. Hyperglycemia may alter PI signal transduction by two 
separate mass-action mechanisms with antiparallel effects. In neu- 
ronal tissue, glucose-induced, AR-catalyzed sorbitol accumulation 
and reciprocal MI depletion may diminish PI synthesis and 
turnover and the subsequent release of Pl-derived arachidonyl- 
DAGs, resulting in decreased PKC activity. Indeed, a reduction in 
arachidonyl-containing DAGs and PKC activity has been demon- 
strated in diabetic rat sciatic nerve.'*“!*° Inhibition of PKC can 
also prevent the decrease of sciatic nerve (Na,K)-ATPase but is not 
able to prevent the decrease in glutathione peroxidase activity that 
has been reported in diabetic mice.'”! 

However, in vascular tissues, including potentially the neuro- 
vasculature, the predominant effect of elevated glucose has been 
reported to be PKC activation.'**'”*'”> The importance of glucose- 
induced activation of PKC in some tissues prone to diabetic com- 
plications has received some support by the recent demonstration 
that a specific PKC B1 inhibitor could correct diabetes-induced 
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retinal and renal dysfunction in the STZ-D rat.'*’ Recently, two 
studies have reported the effects of PKC inhibition on metabolic, 
neurovascular, and functional deficits in diabetic rats. In STZ-D 
rats, inhibitors of PKC (WAY151 003 and chelerythrine) dose- 
dependently corrected deficits of nerve perfusion, (Na,K)-ATPase 
activity, nerve MI content,'*? and NCV without affecting nerve 
glutathione content.’ At high dose, the inhibitors dissociated 
nerve blood flow (corrected) from nerve conduction (uncorrected) 
deficits. The beneficial effects were prevented by NOS inhibitor 
cotreatment.'>? 

Since the effects of activation or inhibition of PKC can be ex- 
pected to have divergent tissue-specific regulatory effects (e.g., on 
(Na,K]-ATPase activity and NOS activity), tissue nonselective 
pharmacologic blockade (or activation) of PKC isoforms could be 
expected to ameliorate the effects of hyperglycemia in some tis- 
sues, but they may aggravate glucotoxicity in others. 

The concept that depletion of nerve osmolytes in diabetic tis- 
sues is simply a result of osmotic compensation for glucose- 
induced sorbitol accumulation appears to be an oversimplification. 
This view is supported by the following recently reported data: 
Nerve acetyl-L-carnitine replacement in STZ-D rats corrects nerve 
MI levels independently of polyol pathway activity'’*; the chain- 
breaking antioxidant a-lipoic acid prevents nerve taurine and MI 
depletion, despite exacerbating nerve sorbitol accumulation; and, 
in nondiabetic rats,®**’ nonselective COX inhibition with flur- 
broben can reproduce diabetes-induced depletion of nerve taurine 
and MI. These data suggest that nonosmotic metabolic factors may 
play a critical role in the regulation of nerve organic osmolyte 
levels. Intracellular levels of taurine and MI are regulated by trans- 
membrane transport mediated by their Na-dependent cotrans- 
porters (regulating cellular uptake) and VSOAC (regulating cellu- 
lar efflux). These transport mechanisms are critically regulated 
by signal transduction pathways, with PKC activation appearing to 
have parallel inhibitory effects on transmembrane transport of MI 
and taurine and stimulation of efflux.'™ Thus the beneficial effects 
of PKC inhibition on nerve MI content could be explained by di- 
rect effects on nerve MI flux. 

Recently, a consensus has begun to emerge suggesting that the 
effects of diabetes on protein kinase signal transduction in the 
nerve are complex and tissue-specific: PKC activation in the vascu- 
lature may contribute to nerve blood flow deficits, whereas a reduc- 
tion of PKC activity in neuronal tissues may alter nerve metabo- 
lism at this site. 


(Na,K)-ATPase Activity 


The absence of prominent demyelination or nerve fiber degenera- 
tion, in association with the nerve conduction slowing in acutely di- 
abetic rats, ”*!75 suggested a biochemical or biophysical mechanism, 
which might also account for the associated paranodal swelling and 
increased intra-axonal sodium content in diabetic rat nerve.” The 
(Na,K)-ATPase emerged as a possible common denominator for al- 
tered energy metabolism, nerve conduction slowing, and paranodal 
swelling in acute experimental diabetes based on direct measure- 
ment of reduced nerve (Na,K)-ATPase activity in diabetic rodents, 
its correction by multiple metabolic interventions that ameliorate 
electrophysiologic deficits,” and voltage clamp studies document- 
ing a corresponding reduction in the resting axolemmal membrane 
potential and a four- to fivefold increase in intra-axonal [Na'].'° Re- 
cent studies have demonstrated that pharmacologic manipulation of 
nondiabetic rats with agents that decreased nerve (Na,K)-ATPase 


PATHOGENESIS OF DIABETIC NEUROPATHY 755 


activity also reproduces diabetic NCV slowing.'*? Flux through 
the COX pathway appears to regulate nerve ATPase activity toni- 
cally.'"” In EDN, PGE, analogs!!® and cilostazol (a phosphodi- 
esterase inhibitor) correct the reduced cAMP levels and prevent the 
decrease in ATPase activity in STZ-D rats. The potency of nonselec- 
tive COX-1 and -2 inhibition to disrupt nerve ATPase activity con- 
trasts with its lack of effect on ATPase activity in vascular tissue." 

The importance of impaired ATPase activity in mediating 
the early decrease in motor NCV in EDN is debated, as ouabain- 
sensitive (Na,K)-ATPase activity is not detectably decreased before 
4 weeks of diabetes, and (Na,K)-ATPase activity can be amelio- 
rated without ameliorating MNCV slowing.'” This discordance 
may be explained by differences in fiber type and/or differences in 
an isoform of the ATPase (or phosphorylation of its regulatory do- 
main), which principally contributes to these measurements. For 
example, MNCV is determined by rapidly conducting large myeli- 
nated fibers, in which significant concentrations of ATPase enzyme 
may be limited to the paranodal Schwann cell processes and the 
nodal axolemma.!”® In these fibers (and their Schwann cells), the 
predominant isoform may be the al, which is highly ouabain- 
resistant in rodents.!”?"!®! In contrast, much of the measured com- 
posite ouabain-inhibitible (Na,K)-ATPase activity in whole sciatic 
nerve may reside in the ouabain-sensitive a2 and «3 isoforms'’*:!*° 
of the unmyelinated nerve fibers,'*! which contribute little to the 
measured MNCV. Alternatively, composite ATPase correction may 
be necessary but not sufficient alone to correct MNCV slowing. 

The (Na,K)-ATPase is a heterodimer comprised of an a sub- 
unit (112 kd), which contains the catalytic subunit and the ATP- 
and ouabain-binding site'** and is the substrate for protein kinases, 
and a B subunit (35 kd), which may be important for membrane 
binding. Three different isoforms of the a subunit have been iden- 
tified (al, «2, a3), with al predominating in peripheral nerve 
and the Schwann cell.'*° In STZ-D, a marked and rapid insulin- 
sensitive reduction in the al subunit has been demonstrated by 
Westem analysis after 3 weeks of diabetes, the reductions of the 
other subunits being delayed.'”” More recently, a diabetes-induced 
decrease in the a2 subunit and an increase in the B2 subunit of the 
(Na,K)-ATPase has been reported in the Schwann cells (both) and 
node of Ranvier (a2 only) of diabetic rats.'** Fish oil selectively 
corrected the change in the a2 subunit.'** In general, the effects 
of experimental diabetes on differential regulation of the (Na,K)- 
ATPase subunits remain poorly understood. 

PKC activation may itself have bidirectional, tissue- and 
species-specific effects on ATPase activity. Exogenous PKC ago- 
nists correct impaired nerve ouabain-sensitive energy metabolism 
and ATPase activity in vitro.'®4 Moreover, PKC activation is with- 
out effect on the phosphorylation state of the a subunit in nerves 
from ND rats,'*° whereas in the STZ-D rat, increased a subunit °P 
labeling was observed with PKC activation. However, PKC £1 in- 
hibition has been reported to dose-dependently prevent decreased 
(Na,K)-ATPase activity in STZ-D rats, and PKC activation has 
been associated with diminished (Na,K)-ATPase activity in periph- 
eral nerve in the chronically diabetic mouse.'*° Thus, in EDN, the 
relationships of PKC to (Na,K)-ATPase activity are complex and 
poorly understood and may be both model- and time-dependent. 
Potentially chronic stimulation of PKC in EDN could result in 
compensatory up- or downregulation of its action. Finally, in 
TIDM subjects, patients with an ATP} A1 variant of the genes en- 
coding for (Na,K)-ATPase (when detected by Bgl II restriction 
fragment length polymorphism) were found to have diabetic 
polyneuropathy more frequently than those without,'** providing 
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some support in humans for alterations in (Na,K)-ATPase activity 
in the development of DPN. 


The Role of Ischemia and Other Alterations 
in the Endoneurial Microenvironment in the 
Pathogenesis of Diabetic Neuropathy 


The contributory role of nerve ischemia to diabetic neuropathy has 
been an area of active investigation, with many modern experts 
supporting a hypothesis originally generated by Fagerberg!*’ over 
35 years ago. Originally based on extensive autopsy findings of 
thickened, para-aminosalicylic acid—positive deposits and luminal 
occlusion in endoneurial microvessels, the hypothesis in its current 
form is based on modern morphometric analysis of autopsy or 
biopsy material,'**'® sural nerve biopsies,”"'** and studies in dia- 
betic animals.*°*! Currently, new efforts have been made to recon- 
cile or merge these two hypotheses, which are not necessarily mu- 
tually exclusive?!” 

Hemodynamic and oximetric and recent biochemical measure- 
ments in diabetic rodents suggest reduced endoneurial blood flow 
and hypoxia in chronically diabetic rats,'*”'®! which may occur as 
early as 1 week after the induction of diabetes.'’ Decreased nerve 
blood flow has been reported for both exposed !**:!5%14-192-196 and 
unexposed'®’ nerve. In EDN, endoneurial nutritive flow has been 
reported to be reduced by 45% and nonnutritive flow by 48%.'” A 
wide variety of vasoactive agents partially or completely correct 
NCV slowing in diabetic rats, including those with direct vasodila- 
tory actions such as the a-adrenergic receptor inhibitor prazosin,'”* 
angiotensin-converting enzyme (ACE) inhibitors,'”* prostaglandin 
analogs,''’ NO donors,'” and potassium channel openers,” and 
those with a more indirect vasodilatory action (i.e., ARIs.°™!”” anti- 


oxidants," metal chelators, ™ acetyl L-camitine,!"*?% PKC 


inhibitors, and evening primrose oil [EPO] "®). Diabetic 
nerves may be more susceptible to ischemic injury due to imbal- 
ance of vasoactive agents.” In EDN, 2 weeks of treatment with 
the B2-AR agonist salbutamol or the œ1-AR antagonist doxazosin 
has recently been shown to partially reverse neurovascular dys- 
function and NCV slowing in 8-week STZ-D rats, effects that ap- 
peared to be dependent on NO, implicating a role for vasa nervo- 
rum al- and B2-AR in the regulation of nerve blood flow.” 

ARI treatment prevents or corrects NCV slowing,”®!'™ corrects 
decreased endoneurial blood flow,'™"''° and also impairs endothe- 
lium-dependent aortic relaxation (thought to be NO-mediated) in 
chronically streptozocin-diabetic rats.” Indeed, several studies 
now suggest that microvascular dysregulation in diabetes may pri- 
marily involve the endothelial-dependent NO-mediated compo- 
nent.”/°?"! Finally, NOS inhibition reproduces the glucose-induced 
decrease in (Na,K)-ATPase activity in isolated rabbit aortic rings 
in vitro. ™® 

These observations together provide the framework for a meta- 
bolic-vascular pathogenetic matrix for experimental diabetic 
neuropathy involving AR, NO, and (Na,K)-ATPase (Fig. 44-2). A 
role for hyperviscosity as a cause of endoneurial hypoxia has also 
been proposed and is supported by findings of increased fibrinogen 
or globulin levels”!? and decreased red cell deformability and/or 
leukocytosis and leukocyte activation in diabetes, but this area re- 
mains extremely controversial.7’* 

However, the concept of reduced nerve blood flow and endo- 
neurial hypoxia has not received universal acceptance, since other 
reports have suggested that blood flow is unchanged?! or in- 
creased?’ and that nerve conduction deficits reflect principally 
metabolic”’* or other?!® perturbations. A recent report in 12-week 
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FIGURE 44-2. Interactions of metabolic and vascular defects leading to experimental nerve conduction slowing. 
Early after the onset of diabetes, aldose reductase (AR) inhibitor—sensitive metabolic defects in the vascular en- 
dothelium and/or autonomic ganglia lead to a reduction in nerve blood flow. Acute reduction in nerve blood flow 
may, in turn, have more distal effects on nerve energy state and nerve metabolism or may lead directly to nerve 
conduction slowing. Therefore. proximal therapeutic interventions with agents such as ARIs may correct both de- 
creased nerve blood flow and distal defects in nerve metabolism. As indicated, nitric oxide (NO) may mediate and 
bridge both the metabolic and vascular pathways. PKC, protein kinase C: NCV, nerve conduction velocity. 
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STZ-D rats identified an increased number of microvessels supply- 
ing the peripheral nerve trunk; it was suggested that these reflected 
a neovascularity.”” Recently, evidence in support of endoneurial 
hypoxia was sought by the determination of biochemical adenine 
nucleotide-linked redox couples in the nerve. Free NAD*:NADH 
ratios in nerve mitochondrial cristae and matrix and cytosol were 
decreased by 77%, 32%, and 27% after 6 weeks of experimental 
diabetes in the rat.7!’ The diabetes-induced reductions of free 
NAD*:NADH ratios in the mitochondrial matrix and cytosol were 
prevented by treatment with the vasodilator prazosin.7"” 

Clinical evidence in support of nerve hypoxia in the develop- 
ment of DPN has been the finding of a reduction of endoneurial 
oxygen in the sural nerves of diabetic patients with far advanced 
polyneuropathy”'* and the development of some abnormalities of 
neural conduction in nondiabetic hypoxic patients with chronic ob- 
structive airway disease.”!° More recently, microlight-guided spec- 
trophotometry has been used to measure intravascular oxygen satu- 
ration and blood flow in the sural nerve of diabetic subjects with 
and without diabetic neuropathy. These studies identified a reduc- 
tion of nerve oxygenation and impaired nerve blood flow in sub- 
jects with diabetic neuropathy.””° Finally, the ACE inhibitor tran- 
dolapril has recently been shown to improve peripheral nerve 
electrophysiology after 12 months in diabetic subjects with mild 
neuropathy.” 

Thus, although hypoxia may play a role in the development of 
diabetic neuropathy, it probably is not the sole factor. Recently, the 
importance of the anatomic arrangement of the nerve vasculature 
has been highlighted in mediating both the diabetes-induced 
deficits of nerve blood flow and the effects of vasoactive therapeu- 
tic interventions. The nerve vascular supply comprises an intrinsic 
system consisting of microvessels, which are situated longitudi- 
nally within the fascicular endoneurium, and an extrinsic system 
composed of the larger nutritive arteries, arterioles, venules, and 
epineural vessels. The nerve has only a very limited capacity to au- 
toregulate its vascular supply?”’, perhaps only the epineural and 
perineural vessels are capable of autoregulation. This means that 
alterations in system pressure lead to passive fluctuations in perfu- 
sion in the nerve,” and so assessments of nerve perfusion are best 
expressed as a “vascular conductance” that corrects for mean blood 
pressure.!%* Extensive anastomoses (both arteriovenous [AV] and 
arterioarterial) are formed between the two systems by the epi- and 
perineural vessels, which, together with the low metabolic require- 
ments of the nerve, confer a resistance to ischemic insults.” Ex- 
tensive perineurial AV anastomoses have recently been demon- 
strated in neuropathic diabetic subjects and have led to speculation 
regarding the role of a steal phenomenon, in which the nutritive en- 
doneurial capillary flow is impaired by the high shunt flow.?** Con- 
versely, whether this putatively increased shunt flow is a result of 
chronic endoneurial ischemia/sclerosis is unknown. Many success- 
ful therapeutic interventions have been shown to regulate en- 
doneurial nutritive and/or AV shunt flow differentially. 


Oxidative Stress and EDN 


Oxidative stress has recently emerged as a critical factor in the de- 
velopment of chronic diabetic complications”? ??5-?7 and a lead- 
ing candidate in the development of nerve blood flow and nerve 
conduction deficits.***7'*°'*' Malonyldialdehyde, a degradation 
product of lipid hydroperoxide, is increased in experimental?” and 
human diabetes,” and levels of circulating antioxidants including 
ascorbic acid, platelet vitamin E, and taurine are decreased in 
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human””"?3! and experimental diabetes.?°*?°? In recently dia 


nosed TIDM patients, plasma levels of conjugated lipid dien 
have been reported to be elevated, whereas in longer duration di 
betes, levels of thiobarbituric acid reactive substances (TBAR 
and lipid hydroperoxide were increased additionally.”*? These : 
terations have been ascribed to increased antioxidant consumpti 
from increased oxidative stress or to transition metal-catalyzed gl 
cose “auto-oxidation.”””°*4 Increased oxygen free radical activi 
in diabetes is reversed by insulin? or ARIs™° and has ber 
ascribed to glucose-protein interactions,” to auto-oxidation | 
glucose,??*6?*4 and to glucose-induced activation of the A 
pathway.22628 

In the endoneurial vasculature, oxidative stress has been impl 
cated in the development of endoneurial ischemic hypoxia, in 
paired oxidative metabolism, and nerve energy deficits. Support fi 
this construct has been provided by the recent identification ¢ 
lipoic acid-sensitive GSH and GSH+GSSG depletion®*” and de 
creased mitochondrial and cytoplasmic NAD*:NADH ratios,*”? 
together with vasodilator-responsive reductions of PCr:Cr an 
ATP: ADP ratios””’ in the sciatic nerve of 6-week STZ-D rats. Thes 
data are consistent with impaired mitochondrial oxidative phosphc 
rylation, secondary to oxidative stress and ischemic hypoxia. 

In EDN, the reduction in nerve blood flow and resultant hy 
poxia do not appear to be a principal contributer to oxidative stress 
since amelioration of nerve blood flow deficits by prazosin doe 
not alter indices of oxidative stress in the sciatic nerve in STZ-I 
rats.”!” In diabetic rodents, impairment of the blood-nerve bar 
rier,” increased nerve conjugated dienes,”“”**' and reduced level: 
of nerve superoxide dismutase (SOD), glutathione peroxi 
dase,”*' glutathione,” norepinephrine,™™® and taurine,'° a: 
well as impaired neurotrophism,'”””“ provide support for the pres- 
ence of increased oxidative stress. However, the mechanisms lead- 
ing to paradoxic downregulation of antioxidant defense enzymes ir 
the nerve of diabetic rodents are complex and poorly understood. 
In STZ-D rats, gene expression of glutathione peroxidase, catalase. 
cuprozinc superoxide dismutase, and manganese SOD was not 
decreased in the L4,5 dorsal root ganglion (DRG) and superior cer- 
vical ganglion after 3 or 12 months of diabetes.” Catalase mRNA 
was increased, however, after 12 months. Glutathione peroxidase 
activity is unaffected in the sciatic nerve of STZ-D rats. These ob- 
servations suggest that glucose-induced posttranslational modifica- 
tions may play an important role in altered antioxidant defense en- 
zyme activity. 

In EDN, increased oxidative stress may decrease nerve blood 
flow by disruption of signal transduction pathways in the vascular 
endothelium!®? or in the sympathetic ganglia.” Oxidative stress 
may lead to apoptosis in the vascular endothelium,”*”** thereby 
impairing the synthesis or action of local vasodilatory agents. Ox- 
idative stress can perturb prostanoid synthesis (see below)?” and 
NO synthesis” in diabetes, and impaired endothelium-dependent 
relaxation in hyperglycemic rabbits can be corrected by probu- 
col.™ Essential fatty acid metabolism is disrupted by ROS, and 
therapeutic synergism has been reported between y-linolenic acid 
and antioxidants.'*’ Attenuation of oxidative stress by the adminis- 
tration of antioxidants can correct nerve blood flow and functional 
deficits in vivo.” 57159-161 

The endothelium-derived relaxing factor NO mediates vasodi- 
lation, macrophage cytotoxicity, and neurotransmission™ and is 
highly susceptible to oxidative stress in diabetes.”>'*°? NOS, the 
enzyme catalyzing the conversion of L-arginine to citrulline and 
NO at the expense of NADPH, is critically situated in endothelial 
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cells, vascular smooth muscle cells, and sympathetic ganglia. NOS 
is constitutively expressed in endothelial (eNOS) and neuronal 
(nNOS) cells, and activity is critically dependent on posttransla- 
tional modification by calcium/calmodulin-dependent protein ki- 
nases and PKC.”*! Impaired synthesis of NO has been linked to 
polyol pathway activation through an NADPH-mediated mecha- 
nism (via the redox hypothesis), as well as alterations in protein ki- 
nase activation and calcium levels (via the osmotic hypothesis). 
Metabolic competition for NADPH by AR and NOS could precipi- 
tate NO depletion'???" via both decreasing NO synthesis and in- 
creasing levels of superoxide radicals, since NADPH is required 
for the production of GSH. 

Additionally, increased formation of advanced glycosylation 
end products by glucose and fructose may also quench NO. It has 
been proposed that heavily glycated proteins in the arterial wall 
have increased affinity for transition metals, leading to accelerated 
destruction of NO and persistent vasoconstriction. The beneficial 
effects of many therapeutic agents on nerve blood flow and MNCV 
slowing are thought to be mediated by NO, as well as antioxidants, 
ARIs, EPO, and acetyl L-carnitine.°°:!%° 

Oxidative stress may also exacerbate nerve metabolic defects in 
diabetes, by disrupting nerve (Na,K)-ATPase activity, ° which may 
lead to disruption of unmyelinated nerve fiber function, and by im- 
pairing the function of the Na* -dependent cotransporters for MI and 
taurine.*”:'"° Support for a role of oxidative stress in EDN is pro- 
vided by the ability of antioxidants and pro-oxidants to prevent or 
provoke, respectively, functional nerve deficits. Lipid-soluble an- 
tioxidants”?! 7-27 (such as probucol, the free radical scavenger and 
glutathione precursor N-acetylcysteine,” glutathione itself,”"' the 
chain-breaking antioxidant lipoic acid,***”!*:'¢' and the natural an- 
tioxidant vitamins C, E, and B-carotene'*”) prevent vascular defects 
and NCV slowing in diabetic animals. The advanced glycosylation 
end product (AGE) inhibitor aminoguanidine prevents motor and 
sensory NCV deficits!*®?**?" in diabetic rats and also prevents the 
reduction in nerve blood flow.” Conversely, aggravation of oxida- 
tive stress with primaquine in nondiabetic rats partially reproduces 
diabetic nerve dysfunction.’ Impaired peripheral nerve function 
has been reported to improve in T2DM subjects treated for 6 months 
with 900 mg/day of vitamin E.7°° 

Amelioration of oxidative stress may emerge as the principal 
mechanism of action of the ARIs.!° Advanced glycation is exacer- 
bated by high polyol pathway flux, since fructose is a more potent 
glycating agent than glucose, as are the intermediates and products 
of the hexose monophosphate shunt that generates NADPH for 
AR.” High flux through the polyol pathway may consume 
NADPH, required for the reduction of glutathione, which is in- 
volved in glutathione peroxidase—-catalyzed removal of peroxide 
formed by the scavenging action of SOD on oxygen free radicals.?”” 

A number of observations suggest that the beneficial effects of 
ARIs in diabetes may involve decreasing oxidative stress by a 
mechanism that may involve direct antioxidant effects as oxygen 
free radical scavengers or effects on cellular redox, glutathione, or 
taurine concentrations.”*” The ARIs sorbinil and rutin’ inhibited 
collagen-linked fluorescence and increased vascular permeability 
in diabetic animals. In diabetic patients, the ARI tolrestat decreases 
plasma oxygen free radical levels.” ARIs may also work partly by 
binding free copper ions (and thus blocking copper-catalyzed 
ascorbate oxidation’) and by preventing depletion of the endoge- 
nous antioxidant taurine. 

Therefore, accumulating evidence suggests a central role for 
increased oxidative stress in the pathogenesis of EDN. The avail- 


ability of a plethora of naturally occurring and synthetic antioxi- 
dants should also accelerate the instigation of clinical trials to eval- 
uate their efficacy in humans. 


Nonenzymatic Glycation 


Nonenzymatic protein glycation is a widespread biochemical phe- 
nomenon by which glucose and its metabolites may alter cellular 
composition, function, or both in diabetes. Nonenzymatic formation 
of Schiff base residues between glucose and the amine groups of 
proteins (with subsequent Amadori rearrangement) yields glycosy- 
lated proteins including hemoglobin.??*?"*?**?57 More complex 
heterocyclic carbohydrate-protein adducts (AGEs) in diabetes lead 
to protein-protein cross-links and liberation of highly reactive free 
radicals that structurally alter extracellular matrix and promote cyto- 
toxicity, NO quenching, and macrophage activation via the AGE re- 
ceptor.” a cascade central to current thinking regarding the patho- 
genesis of diabetic complications. Protein glycation could involve 
the vascular supply, the extracellular matrix, or the cellular con- 
stituents of peripheral nerve. Protein glycation could produce vascu- 
lar damage by generation of free oxygen radicals or through the for- 
mation of advanced glycation end products that in turn stimulate 
cytokine and growth factor release from activated macrophages, re- 
sulting in smooth muscle cell proliferation, atherogenesis, and vas- 
cular occlusion. Nonenzymatic glycation of extracellular matrix 
proteins could interfere with their neurotrophic or neurosupportive 
effects. Involvement in the pathogenesis of DPN is suggested by 
evidence that glucose-protein adducts on laminin reduce its support 
of neurite outgrowth in vitro”? and that aminoguanidine (which 
among other actions impedes the formation of complex sugar- 
protein adducts) ameliorates some of the characteristic defects of 
EDN 254.255 

Recent studies, however, suggest that glucose has a particu- 
larly low glycosylation potential among sugars, especially com- 
pared with fructose and its metabolites. In particular, a novel meta- 
bolic pathway that enzymatically phosphorylates fructose (and 
possibly sorbitol) leading to fructose-3-phosphate (and possibly 
sorbitol-3-phosphate), which subsequently degrades to 3-deoxy- 
glucosone (3DG), a particularly potent glycosylating agent.6! 
Thus, AR pathway flux, which converts glucose (with its low 
glycosylating potential) into fructose and sorbitol, their phos- 
phorylation by a 3-phosphokinase,”°! and subsequent degradation 
to 3DG would radically accelerate the formation of the complex 
heterocyclic carbohydrate-protein adducts known as AGE. 


Oxidative Stress, Programmed Cell Death, 
and Diabetic Neuropathy 


Generation of ROS has been implicated in the signaling pathway 
leading to programmed cell death (PCD).”°* PCD leads to the dele- 
tion of cells during development or pathogenesis through a gene- 
and protein-regulated process. The morphologic endpoint of PCD, 
referred to as apoptosis, results from the degradation of genomic 
DNA, plasma membrane alterations, and the activation of caspases. 
PCD has been identified as the mechanism of cell death in a num- 
ber of human neurodegenerative disorders’ and has been impli- 
cated in the development of chronic diabetic complications. For ex- 
ample, PCD of vascular endothelium has been demonstrated 
in vivo in the aorta of diabetic rats.” In addition, ROS-mediated 
PCD is induced following glucose exposure in cultured human 
endothelial cells.7°*7°° 
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Diabetic nephropathy is characterized by DNA fragmentation 
accompanied by evidence of oxidative stress’ and also by the 
downregulation of Bcl-2.7** The impaired wound healing observed 
in diabetes is associated with increased DNA fragmentation” and 
dysregulated expression of Bcl-2 and p53?” in diabetic mice. 
Retinopathy in human diabetes has been linked to PCD in pericytes 
of the inner retina through increased expression of Bax and plasma 
membrane alterations”! and increased caspase 1 expression.””” 
Glucose-induced PCD in pericytes is associated with decreased 
SOD?” and GSH,”” suggesting that pericyte PCD involves oxida- 
tive stress. Neurons in the retina also display PCD-associated DNA 
fragmentation during experimental and human diabetes.” In addi- 
tion to neurons of the retina, sensory neurons also are susceptible 
to the induction of PCD during hyperglycemia.**?”*’> Sensory 
neurons of diabetic, but not normal, rats undergo PCD following 
axonal injury through an oxidative stress mechanism.””° Finally, 
sera from diabetic subjects has been demonstrated to induce apop- 
tosis in cultured neuroblastoma cells.” 

Alterations of gene expression, such as increasing p53 or 
Bax, or decreasing Bcl-2, may be initiating steps in PCD. The rel- 
ative abundance of the Bcl family of proteins including Bcl-2, 
Bax and Bcl-x,” °” which primarily are located in the inner mito- 
chondrial membrane, appears to critically regulate the threshold 
for activation of the apoptotic cascade. Bcl-2 is antiapoptotic and 
inhibits the opening of a large mitochondrial conductance chan- 
nel.”*° The opening of this channel results in mitochondrial de- 
polarization, expansion of the intermembranous space, outer 
membrane rupture, and the release into the cytosol”? of enzymes 
(such as cytochrome C and/or apoptotic-protease activating 
factor-1 (Apaf-1)) that activate the caspase cascade. Apoptosis is 
increased by a shift in the balance toward Bax homodimers, 
whereas the formation of Bcl-2/Bax or Bcl-x,/Bax heterodimers 
inhibit PCD.”*! 

Recent reports have suggested that PCD contributes to sensory 
and autonomic neuron dysfunction in STZ-D rats,”*??*? as well as 
in acutely hyperglycemic ND rats.™ In diabetic rats, apoptosis of 
DRG neurons has been reported to be induced by axonal injury; 
such injury could be reversed by PGE, treatment, which promotes 
axonal regeneration.””° Increased intracellular calcium has been in- 
voked as a key mediator of apoptosis in DRGs from both diabetic 
rodents. Indeed, in dorsal hom neurons from diabetic rats, the ac- 
tivity of the N- and L- but not T-type voltage-gated channels has 
been reported to be increased.?™ 

Recently, a pivotal role for the mitochondria has emerged in 
controlling PCD.?®° In STZ-D, for example, morphologic changes 
of PCD, such as Schwann cell degeneration, myelin ballooning, re- 
duction of neuronal perikaryal volume, and shrinkage of the axo- 
plasm are associated with markers of mitochondrial dysfunction, 
such as mitochondrial ballooning and impairment of basal mito- 
chondrial membrane potential.”*?7*? Elevated (more positive) mi- 
tochondrial membrane potential in diabetic STZ-D rat DRG neu- 
rons has been reported as early as 4 weeks after the onset of 
diabetes.™ In STZ-D rat DRG neurons, decreased Bcl-2 and 
translocation of mitochondrial cytochrome C to the cytosol has 
been pathogenetically associated with activation of the apoptosis 
cascade, resulting in cleavage of the death effector caspase 3.°**7*? 
The mechanism underlying the reduction of Bcl-2 abundance is un- 
known. Unlike Bcl-2, no differences in the abundance of the anti- 
apoptotic protein Bcl-x, or Bax protein??? (which promotes hyper- 
glycemia-induced apoptosis in mouse blastocysts”®°) were 
identified in neurons from diabetic rats. 
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Many PCD promoters, including toxic agents and radi 
operate through the generation of ROS. The significance of 
during the induction of PCD has been demonstrated by the z 
of antioxidants to inhibit the response. This process, then, bec 
significant in diabetes, since hyperglycemia can increase the ¢ 
ation of ROS through several mechanisms, as described a 
Since mitochondrial dysfunction in STZ-D rats can be correct 
antioxidant therapy,®’ since ROS-induced PCD may share si 
cell death pathways with neurotrophin withdrawal,”°’ and 
nerve growth factor (NGF) can block mitochondrial oxidative 
age,70*78889 it is tempting to speculate that diabetes-induce 
creased oxidative stress is the inciting event that triggers neu: 
PCD. The recent discovery that the antiapoptotic Bcl-2 gene } 
uct has antioxidant properties lends further support to the in 
tance of oxidative events in PCD.?”*' Therapeutic strategies 
as antioxidants and/or caspase inhibitors may therefore have 
siderable potential for the prevention or treatment of DPN. 


The COX Pathway and Diabetic Neuropathy 


Alterations in COX activity and subsequent perturbation: 
prostanoid metabolism have also been invoked in the pathogen 
of experimental DPN at a neurovascular level. However, in exf 
mental DPN, the effects of COX inhibition on neurovascular 
functional deficits have been inconsistent. Initial reports sugge: 
that nonselective COX inhibition could ameliorate certain spec 
deficits of nerve function in experimental diabetes””?*, howe 
other investigators could not confirm any beneficial effects.”” 
Nonselective inhibition of the COX pathway with flurbiprofer 
nondiabetic (ND) rats has recently been reported to replicate, i 
in STZ-D rats potentiate, many of the biochemical and physiolo 
abnormalities of experimental DPN. In contrast, selective CO? 
inhibition did not affect nerve blood flow or nerve conduction 
ND rats and prevented MNCV slowing and nerve blood fl 
deficits in STZ-D rats. A possible explanation for the apparent 
consistency in the effects of different COX inhibitors on both NC 
and nerve blood flow deficits in STZ-D rats is unknown, but it m 
reflect differences in the relative degree of inhibition of the ty 
COX pathways (see below). 

Two COX isoforms have been identified.” COX-1 is constit 
tively expressed in a variety of cells and tissues including the va 
cular endothelium,”*” whereas inducible COX-2 is associated wi 
proinflammatory stimuli, such as cytokines, growth factors, tum 
promoters,”” and oxidative stress.” A potential link between o: 
idative stress and alterations in PG synthesis appears to be the trai 
scription factor NF-KB, which is activated by ROS.*™ Additional 
hypoxia has also been shown to induce COX-2 expression in cu 
tured endothelial cells! and rodent brains,*”? suggesting that th 
effects of oxidative stress on the COX pathway could be mediate 
by several different pathways. 

The interrelationships of COX and ROS are, however, com 
plex, since ROS-induced activation of COX-2 can in itself increas 
ROS production, during PGG, to PGH, conversion, which gener 
ates hydrogen peroxide.” However, since COX-2 activation cai 
have a protective function on a number of physiologic processes,” 
it is reasonable to conclude that the regulation and consequences o 
COX-2 expression are highly dependent on both the site of expres 
sion and the underlying pathophysiologic condition. Althoug] 
there is some evidence of COX-2 involvement in brain ischemi 
and neurodegenerative disorders, to date there have been no pub 
lished reports regarding altered COX expression in disorders of thi 
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peripheral nerve. Preliminary studies in this laboratory suggest that 
COX-2 protein abundance is significantly elevated in the sciatic 
nerve of STZ-D rats.*™ 


The COX Pathway and Programmed Cell Death 


Alterations of the COX-2 pathway have been implicated in the de- 
velopment of PCD. For example, it has been shown that induction 
of COX-2 mRNA and protein expression precede PCD in in vivo 
and in vitro models of neurodegeneration™ and that enhanced 
COX-2 protein expression promotes apoptosis in rat neocortex.°°* 
Nonselective COX inhibitors, including flurbiprofen, which block 
predominantly the COX-1 pathway, have been shown to upregulate 
COX-2 gene expression and facilitate flux through this pathway. 
This has been linked to the induction of apoptosis in cultured rat 
gastric cells by a mechanism that involves increased oxidative 
stress.’ Although the presence of COX-2 induction in neurode- 
generative conditions associated with PCD has been docu- 
mented,”” its functional significance is still uncertain. It is possible 
that enhanced COX-2 expression induces neurotoxicity via accu- 
mulation of ROS and/or metabolites other than PG." Although 
most of the published data report a direct causal relationship be- 
tween COX-2 activation and neuronal PCD, some suggest that 
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COX-2 may be neuroprotective.*”* For instance, COX-2 expression 
has been demonstrated to inhibit trophic withdrawal apoptosis in 
NGF-ditferentiated PC12 cells.*” It can be concluded, therefore, 
that the interrelationships of the COX-2 pathway and apoptosis are 
complex and poorly understood. 

We have proposed a model to explain the interrelationships 
among hyperglycemia, oxidative stress, PCD, and altered COX 
pathway activity in the development of nerve conduction deficits 
(Fig. 44-3). Hyperglycemia (through increased glucose autooxida- 
tion, advanced glycation end product formation, and activation of 
the AR pathway) generates increased ROS. Increased ROS, via 
upregulation of NF-KB, induces COX-2 expression, which facili- 
tates the conversion of arachidonate to vasoconstrictory and pro- 
inflammatory PG, thereby favoring endoneurial ischemia and 
hypoxia. Increased flux through COX-2 may further promote the 
generation of ROS, resulting in a self-reinforcing cycle. ROS may 
promote PCD by diminishing neurotrophic support and inducing 
mitochondrial dysfunction, thereby leading to the release of cyto- 
chrome C and activation of the caspase cascade. Increased AR 
pathway activity and osmolyte depletion contribute to reduced 
(Na,K)-ATPase activity. Increased oxidative stress, endoneurial is- 
chemia, reduced (Na,K)-ATPase activity, and PCD may result in 
NCV slowing. 


FIGURE 44-3. Proposed interactions of hyperglycemia, oxidative stress, and the cyclo-oxygenase (COX) path- 
way in experimental diabetic neuropathy. Hyperglycemia through increased auto-oxidation. with subsequent for- 
mation of advanced glycation end products, and activation of the aldose reductase (AR) pathway, with secondary 
NADPH and taurine depletion, generates reactive oxygen species (ROS) and increases oxidative stress. Increased 
ROS, via modulation of NF«B-induced COX-2 expression. which regulates the conversion of arachidonate to 
vasoconstrictory and proinflammatory prostaglandin (PG), precipitates the imbalance in thromboxane A; 
(TXA2)/PGI, ratio. therefore favoring vasoconstriction and ischemia. Reciprocally. COX-2 upregulation in- 
creases the rate of PGG, to PGH; conversion and ROS generation. further exacerbating oxidative stress. ROS 
may promote programmed cell death (PCD) by diminishing the nerve growth factor (NGF) neurotrophic support 
and by inducing mitochondrial dysfunction, which is thought to lead to caspase activation and cytochrome C re- 
lease. Increased AR pathway activity and osmolyte depletion contribute to reduced (Na.K)-ATPase activity. In- 
creased oxidative stress, endoneurial ischemia. reduced (Na,K)-ATPase activity, and PCD may result in nerve 
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Neurotrophic Growth Factors 
and Diabetic Neuropathy 


Neurotrophic growth factors modulate neuronal outgrowth during 
development and sustain innervation thereafter. In the mature ani- 
mal, neurotrophins define the neuronal phenotype and promote 
local regeneration. An important function of the neurotrophins is to 
regulate the expression of phenotypic neuropeptides, including 
substance P and calcitonin gene-related peptide (CGRP), in adult 
DRG neurons. After nerve injury in the adult, they promote local 
neurite sprouting and regeneration.” '° Thus, blunting of these neuro- 
trophic responses could mediate diabetic neuropathy if insulin defi- 
ciency and/or hyperglycemia (1) decreased growth factor synthesis 
by target organs or supporting cells, (2) disrupted retrograde trans- 
port of growth factors to the neuronal cell body, (3) affected the 
signal transduction mechanism(s) at the level of the Trk receptors 
or more downstream signaling cascades, or (4) promoted neuronal 
cell death.?" 

Mature Schwann cells also synthesize and express growth fac- 
tors and growth factor receptors during neural development and re- 
generation, ! including NGF" ciliary neurotrophic factor (CNTF), 
a small polypeptide originally purified from chick and rabbit sciatic 
nerve,’'* and insulin-like growth factor-I (IGF-I).*!> The neu- 
rotrophin family?’ has been expanded to include three additional 
neurotrophic factors, namely, brain-derived neurotrophin factor 
(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5). 

Recently, the roles of neurotrophins have been explored using 
knockout mice models. Deletion of the high-affinity NGF receptor 
Trk A in mice results in extensive loss of sympathetic ganglionic 
neurons and small neural crest-derived sensory neurons (nociocep- 
tive C neurons).?!77!8 NT-3 knockout animals are deficient in both 
type la sensory afferents and muscle spindles, whereas BDNF and 
NT-4/5 null mutants lack neural placode—-derived sensory cranial 
ganglia.?'* 

One of the best characterized growth factors is nerve growth 
factor (NGF), which is relatively specific for sensory and auto- 
nomic neurons and their axonal processes. NGF production and 
gene expression in autonomic and sensory neuronal targets vary re- 
ciprocally with the density of innervation by NGF-sensitive neu- 
rons.*!? In the rat heart, for example, high levels of NGF mRNA 
and protein are found in the densely innervated atria, but not in the 
more sparsely innervated ventricles, although regional ventricular 
differences have not been reported.*”° Peripherally synthesized 
NGF is retrogradely transported by the axon from target organs to 
neuronal cell bodies for normal maintenance and regeneration of 
the peripheral nervous system. Ganglionic NGF is required for sig- 
nal transduction, neurotransmitter synthesis, protein phosphoryla- 
tion, methylation, and gene expression of ras-like proteins in sym- 
pathetic and sensory neurons.**! Retrograde axonal transport is an 
important modulator of target tissue NGF. For example, total sym- 
pathetic denervation in adult rats produces high NGF protein levels 
in the heart,” without affecting tissue mRNA levels.” NGF 
has antioxidant properties??? and protects sympathetic neurons 
from ROS-mediated PCD.*”° 

Another family of growth factors thought to be important in 
the pathogenesis, and potentially the treatment, of diabetic neu- 
ropathy””* is the IGFs. IGF-I and IGF-II are polypeptides essential 
for normal fetal, neonatal, and pubertal growth. IGFs share many 
important neurotrophic properties with NGF and have neurotrophic 
actions in sensory sympathetic” 26.327 and motor neurons. These ac- 
tions can all be affected by diabetes.*”* 
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IGFs are presently the only known neurotrophic factors t 
are found in nerve and muscle and are capable of supporting bı 
sensory and motor nerve regeneration in adult animals.*?*?”? Gli 
but not neuronal, cells express IGF-II mRNAs,**° unlike IGF 
which is expressed by both.**° Both IGF-I and -II increase | 
numbers of cells with neurites and the lengths of neurites in c! 
tured human neuroblastoma cells?" and cultured spinal cord mot 
neurons”; they also act as mitogens for the former. IGF recept 
are found on the shafts and terminals of axons.** 

Six IGF binding proteins (BPs) regulate the action of t 
IGFs"? and serve as possible targets for disruption by diabete 
IGFBP-II preferentially binds IGF-II and is the predominant IGFE 
in the CNS and CSF." IGFBP-III, which binds both IGF-I and - 
is the principal form found in the circulation. Sites of production | 
IGFBPs include the neurons and glia. Local production : 
IGFs and their binding proteins may stimulate nerve fiber regener. 
tion.” 5-37 Local production of IGF is probably important 
stimulating regeneration, as IGFBPs would tend to block more di 
tant effects. 

Neurotrophins bind to a family of tyrosine kinase recepto: 
called Trks (tropomyosin-related kinases).°"* NGF binds to the higt 
affinity receptor Trk A, whereas Trk B serves as the receptor for bot 
BNDF and NT-4/S, and Trk C binds NT-3. However, neurotrophin 
can bind and activate more than one receptor. Additionally, an abur. 
dant “low’-affinity receptor, termed p75, binds all the neurc 
trophins.**’ This receptor may serve to modulate neurotrophin sensi 
tivity”? and determine the survival requirements of mature neuron 
to the neurotrophins, particularly NGF“? p75 may present neuro 
trophins to high-affinity receptors on the growing axons™” since it i 
upregulated by NGF," axonal injury,” and collateral sprouting’ 
and is expressed in target fields during their innervation.*“ 

NGF receptors are expressed by Schwann cells during norma 
development but decline fivefold with maturation,” and NGI 
production remains suppressed as long as axonal integrity and con- 
tact are maintained.**° Schwann cell NGF receptor expression is 
increased in human neuropathies associated with active nerve fiber 
degeneration.™ IGF-I immunoreactivity is also present in Schwann 
cell cytoplasm, is increased by sciatic nerve transection,*!> and en- 
hances regeneration in a dose-dependent fashion in lesioned sciatic 
nerve.*“* The expression of IGF-I and its receptor is markedly sup- 
pressed in axotomized diabetic nerve, and this change is associated 
with significantly impaired nerve fiber regeneration.” In STZ-D 
rats, serum IGF-I levels are diminished," as is IGF-I mRNA 
in liver, kidney, lung, heart, and peripheral nerves.?*”**?"*! Thus 
blunted local neurotrophic effects may contribute to the pathogen- 
esis of diabetic neuropathy, but the magnitude and details of this 
effect remain to be clarified. 

An increasing number of studies have explored the effects of 
diabetes on neurotrophism in both animal models of DPN and hu- 
mans. In diabetes, small changes in endogenous NGF levels may 
be of pathophysiologic significance since endogenous NGF levels 
are limited,°>' and their NGF receptors are unsaturated?! In dia- 
betic rodents, endogenous NGF levels are reduced in some sympa- 
thetically innervated target organs," including the sciatic nerve?! 
and submandibular glands (the latter displaying decreasing NGF in 
the superior cervical ganglion).*** In some target tissues, however, 
including the atria and ventricles, NGF content increases after the 
induction of diabetes, which may reflect impaired axonal transport 
or possibly increased regional synthesis.” 

Retrograde axonal flow of NGF to the cell bodies is altered in 
STZ-D rats.7°*** During experimentally induced diabetes, for 
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example, retrograde axonal transport of NGF along the mesenteric 
nerves (which supply the alimentary tract) to the superior mesen- 
teric ganglion is reduced by approximately hal ‘3 and these 
nerves can develop a distal diabetic axonopathy. In a similar fash- 
ion, NGF transport is decreased in diabetic somatic sensory neu- 
rons.” Decreased NGF transport is a component of a generalized 
transport dysfunction in diabetes that includes proteins, glycopro- 
tein, and neurotransmitters.*** 

Compared with NGF, considerably less is known about the 
effects of diabetes on other neurotrophins; IGF expression and/or 
action also appears to be altered in diabetes in both rodents and 
humans. Schwann cells from genetically diabetic rodents express 
lowered amounts of IGF-I, IGFl-receptor (IGF-IR), and NGF. In 
streptozocin-treated rats, there is a decrease in serum IGF-I lev- 
els*°°3°°357 and a reduction in IGF-I mRNA in sciatic nerve, liver, 
kidney, lung, and heart.2°**°*-! Recently, a 30-50% decrease in 
NT-3 and NT-4/5 gene expression was reported in nerves from 
rodents with experimental diabetes, whereas BDNF was unde- 
tectable.** Levels of NT-3 are decreased in the leg muscles from 
diabetic rodents, and its administration is reported to increase the 
NCV of sensory nerves.**? 

Abnormal neurotrophin receptor expression and/or sensitivity 
may play an important role in mediated impaired neurotrophic sup- 
port. In lumbar DRG of diabetic rats, levels of Trk A mRNA, the 
110-kd receptor protein," and p75 gene expression*® have 
been reported to be reduced. Others, however, have reported that 
DRG-immunoreactive Trk A is not affected by diabetes. NGF gene 
expression is regulated by glucose-sensitive signal transduction 
pathways,**’ adrenergic mechanisms,*™ and oxidative stress.°©” 

Chronic oxidative stress depletes NGF by inhibiting protein 
synthesis" and may downregulate NGF receptor expression, sen- 
sitivity, and transport.” The chain-breaking antioxidant a- 
lipoic acid may stimulate NGF synthesis*”’ and can prevent NGF 
protein depletion in sciatic nerve*”’ and myocardium of STZ-D rats 
(Stevens, personal observations). a-Lipoic acid augments NGF- 
mediated substance P release in STZ-D rats*”° above that of equiv- 
alent correction of nerve NGF protein content by exogenous 
rhNGF alone, perhaps implicating oxidative stress in the downreg- 
ulation of the NGF sensitivity that complicates diabetes. Some 
NGF transport defects can be corrected in the diabetic rat by treat- 
ment with ARIs, suggesting that increased polyol pathway flux 
may contribute to these axonal transport defects. In subjects with 
DAN, serum NGF levels are reduced,*” and in patients with early 
diabetic neuropathy, decreased skin axon reflexes, mediated by 
small sensory fibers, correlate with loss of NGF expression in ker- 
atinocytes. In patients with diabetic neuropathy,*”* no change in 
p75 NGF receptor expression has been reported in sural nerve 
biopsy specimens. 

Limited evidence suggests that neurotrophin treatment may be 
effective in the management of DPN. In experimental diabetes, 
NGF treatment protects against the development of diabetic sen- 
sory neuropathy” +75 and ameliorates diabetes-induced decreases 
in neuropeptide levels in vivo*”® and in vitro?” NGF-treated dia- 
betic rodents retain the ability to respond to noxious thermal stim- 
uli and express normal neuropeptide levels.” NGF has been re- 
ported to reverse defects in myelinated nerve fiber morphology 
such as myelin thickness and to increase CGRP and substance P in 
the DRG and dorsal horn of the spinal cord of diabetic rats. The de- 
fects in p75 transport and protein content but not mRNA are re- 
versed by rhNGF.*™ In lumbar DRG, reported deficits of Trk A 


mRNA and the 110-kd receptor protein are not sensitive to 
thNGF.*™* DRG-immunoreactive Trk A has been reported to be 
decreased by NGF in healthy control rats.” NGF has been re- 
ported to restore abnormal sensory C-fiber function in transgenic 
diabetic mice.*”” Treatment with 4-methylcatechol, which stimu- 
lates endogenous NGF synthesis, also ameliorates neuropathy in 
streptozocin-treated rodents.*™ Treatment of STZ-D rats with IGF- 
I protects against the development of diabetic neuropathy and re- 
stores normal nerve function.?! "8 

Clinical trials in humans, however, have been disappointing to 
date. For example, a randomized, placebo-controlled trial of s/c 
NGF did not confirm any beneficial effects on neuropathic symp- 
toms or abnormalities on clinical examination, but small nerve 
fiber function was inadequately assessed.**' In humans, studies 
evaluating the potential of IGF-1 administration as a treatment for 
diabetic neuropathy have been hampered by the development of 
toxicity. 


SUMMARY AND CONCLUSIONS 


Theories of the pathogenesis of diabetic neuropathy continue to 
evolve; the disease is considered to involve acute functional abnor- 
malities in nerve fibers, followed by more chronic nerve fiber atro- 
phy, injury and loss associated with microvascular dysfunction, 
and blunted nerve fiber regeneration. These abnormalities can be 
traced to the metabolic effects of hyperglycemia and/or other ef- 
fects of insulin deficiency on the various constituents of peripheral 
herve, its supporting connective tissue and vascular elements, and 
possibly the autonomic innervation that controls the endoneurial 
microvasculature. The polyol pathway, oxidative stress, and/or non- 
enzymatic glycation affecting one or more cell types in the multi- 
cellular constituents of peripheral nerve appears to have an inciting 
role. The potentially important roles of other factors, such as possi- 
ble direct neurotrophic effects of insulin and insulin-related growth 
factors, remain to be explored, as do the more complex and indirect 
effects of glucose metabolism via the vascular elements of periph- 
eral nerve. 

ARIs, which have been proposed as the first mechanistically 
based treatment for diabetic neuropathy, constitute only the first of 
many such therapies, each directed against one or more elements in 
the complex pathogenetic process responsible for diabetic neuro- 
pathy. Despite the setbacks of recent clinical trials, the ability of 
biochemically effective ARIs to improve nerve function in diabetic 
patients and the evidence that they improve nerve structure and 
function in patients with early diabetic neuropathy have established 
the polyol pathway as one likely mediator of nerve dysfunction and 
damage in human diabetes. 

The challenge that lies ahead will be the development of potent 
therapeutic interventions that can safely be given at high enough 
doses to prevent the diverse metabolic consequences of hyper- 
glycemia. Animal studies indicate that this may most rapidly be 
achieved by using combinations of agents to block the diverse 
metabolic pathways mediating glucose toxicity. However, the evi- 
dence that improved metabolic control can prevent the develop- 
ment of clinical neuropathy®* argues strongly for the hypothesis 
that hyperglycemia and/or insulin deficiency is at the root of dia- 
betic neuropathy and that improved metabolic control should pro- 
tect against the development (and probably progression) of the 
disease. 
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First identified as a clinical entity more than 200 years ago,' dia- 
betic neuropathy is now the most common neuropathy in the West- 
em world.’ Diabetic neuropathy carries a high morbidity and is 
the leading cause of nontraumatic limb amputations.” The Diabetes 
Control and Complications Trial (DCCT) confirmed the theory that 
diabetic neuropathy is the result of sustained hyperglycemia. Dia- 
betic neuropathy complicates the secondary forms of diabetes, 
such as those resulting from pancreatectomy, nonalcoholic pancre- 
atitis, and hemochromatosis, a finding that supports hyperglycemia 
as the common underlying mechanism for diabetic neuropathy.’* 

Diabetic neuropathy is actually composed of several distinct 
syndromes with differing anatomic distribution, clinical course, and 
possibly underlying pathogenetic mechanism(s). The overall preva- 
lence of diabetic neuropathy is uncertain, but generally is consid- 
ered to be approximately 50%, with a clinical course that parallels 
the duration and severity of hyperglycemia in both type 1 or insulin- 
dependent diabetes mellitus (T1DM) and type 2 or non-insulin-de- 
pendent diabetes mellitus (T2DM).*"-'* There are several well-ex- 
plored metabolic abnormalities in diabetic nerves that result from 
hyperglycemia and are therefore potential initiating or contributing 
factors in the pathogenesis of diabetic neuropathy.*'”-'° The role of 
specific glucose-linked biochemical processes such as enhanced ox- 
idative stress, polyol-pathway activation, and nonenzymatic glyca- 
tion in the pathogenesis of neuropathy is the basis of not only inten- 
sive investigation, but also the development and testing of new 
forms of therapy for patients with or at risk of developing diabetic 
peripheral neuropathy. These abnormalities may occur in several of 
the cellular constituents of peripheral nerves and their supporting 
tissues, and may thereby partially account for some of the variabil- 
ity of clinical neuropathy in various subgroups and individual pa- 
tients with diabetes. Understanding these potential pathogenetic 
mechanisms is essential for the effective management of diabetic 
neuropathy.” These concepts are more fully discussed in Chap. 44 
on pathogenesis. 

There are three general therapeutic approaches to the treatment 
of diabetic neuropathy. Preventive management strategies (e.g., ed- 
ucation and hygiene) are designed to deal with potential risk fac- 
tors for the development of neuropathy.”! Palliative management 
strategies are designed to alleviate specific symptoms of diabetic 
neuropathy (e.g., pain, foot deformities, or ulcers).7*?? Definitive 


therapeutic strategies are targeted against specific pathogenetic 
components of diabetic neuropathy.” Currently, glycemic con- 
trol is the only effective definitive therapy.” The development of 
future adjunct therapies to prevent and potentially reverse the neu- 
rologic damage that underlies the clinical manifestations of dia- 
betic neuropathy awaits clearer understanding of the responsible 
. . 27 
pathogenetic mechanisms™ (see Chap. 44). 


EPIDEMIOLOGY, IMPACT, AND SCOPE 
OF DIABETIC NEUROPATHY 


Estimates of the impact and frequency of diabetic neuropathy are 
dependent on the choice of terminology, diagnostic criteria, and 
study populations. Minor paresthesias may constitute diabetic neu- 
ropathy in one study, while others may employ much more rigid 
criteria, including electrophysiology and quantitative sensory test- 
ing. The discrepancies in prevalence estimates reflect the different 
criteria used to diagnose neuropathy. The sensitivity, specificity, 
and reliability of simple objective measures to diagnose neuropa- 
thy in a person with diabetes are still controversial.” Neverthe- 
less, certain generalizations are clear from the available data; 
specifically, neuropathy is a frequent complication of diabetes, and 
estimated prevalence rates are on average 50% and rise with ad- 
vancing age.” 

In a frequently cited prospective study of over 4400 diabetic 
outpatients, Pirart reported an overall 12% prevalence rate of dia- 
betic neuropathy in patients with newly diagnosed diabetes.** The 
incidence of neuropathy increased with the duration of diabetes, 
and after 25 years of diabetes, over 50% of patients had diabetic 
neuropathy.” Several cross-sectional multicenter studies of a 
mixed group of type | and 2 diabetic patients have yielded similar 
results. In the United Kingdom, 6487 diabetic patients were exam- 
ined for the presence of neuropathy by a simple assessment of 
ankle reflexes, vibration, pinprick, and temperature sensation, cou- 
pled with a 9-point symptoms score. The reported prevalence of 
neuropathy was 5% in the 20- to 29-year-old group and increased 
with age, reaching 44.2% in patients between 70 and 79 years of 
age." A simple screening tool examining ankle reflexes and great 
toe sensation was administered to 8757 diabetic patients, and 
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32.3% of patients had abnormalities consistent with diabetic neu- 
ropathy.” Severity of neuropathy was then graded in the 2033 neu- 
ropathic patients using a quantitative assessment of strength, sensa- 
tion, reflexes, and electrophysiology. Over one-half of all patients 
had mild to moderate neuropathy, while 20% had borderline and 
12% severe neuropathy; in each category, the severity of neuropa- 
thy increased with age and duration of diabetes.” A similar increase 
in severity and prevalence of neuropathy with age and duration of 
diabetes was reported among Spanish patients.” In the population- 
based Rochester Diabetic Neuropathy Study, which commenced in 
1986, 54% of type 1 and 45% of type 2 diabetic patients had 
polyneuropathy,'' defined as two or more abnormalities from 
quantitative assessment of symptoms, signs, sensation, autonomic 
function, and nerve conduction studies. 

Several studies evaluated the presence of neuropathy in pa- 
tients with either TIDM or T2DM. In the Diabetes Control and 
Complication Trial (DCCT), a cohort of 278 healthy type 1 dia- 
betic patients were examined for the presence of neuropathy, de- 
fined as an abnormal neurological examination plus either abnor- 
mal nerve conduction studies in two nerves or abnormal autonomic 
function testing. Using these criteria, 39% of patients had some 
clinical manifestation of neuropathy.*© Similarly, in the Pittsburgh 
Epidemiology of Diabetes Complications Study, the prevalence of 
neuropathy in T1DM patients was 18% in patients 18-29 years of 
age, compared to 58% in the >30-year-old group.’ In the EURO- 
DIAB complications study, 3250 TIDM patients were examined 
from 16 European countries, and the overall prevalence of diabetic 
neuropathy was 28%, with significant correlations with age, dura- 
tion of diabetes, and quality of metabolic control.'* Using abnor- 
mal nerve conduction studies to define subclinical neuropathy, 
87% of type | diabetic children were neuropathic, with the major- 
ity of abnormalities in the lower limbs.” Similar statistics emerge 
from studying T2DM patients. In a longitudinal study, 8.3% of 
type 2 patients had neuropathy upon diagnosis of diabetes, with an 
increased prevalence to 42% after 10 years of diabetes.!° A sepa- 
rate prospective study of type 2 patients reported that 22% devel- 
oped diabetic neuropathy after 4 years.” In a cohort of type 2 dia- 
betic patients with a mean duration of 12 years of diabetes, 49% 
had diabetic neuropathy.”° 

This high prevalence of diabetic neuropathy is associated with 
significant morbidity, including recurrent foot infections, ulcers, 
and amputations.*'“? The national annual direct cost of diabetic 
foot ulcers in the United States is estimated to be $5 billion with an 
indirect cost of $400 million. Between 1995 and 1996, the aver- 
age Medicare expenditure for a diabetic patient was $15,309, com- 
pared to $5,226 for Medicare patients in general, and 25% of these 
dollars went to the treatment of foot ulcers." On average, 15% of 
patients with diabetic neuropathy require an amputation, making 
diabetic neuropathy the most common cause of nontraumatic am- 
putations in the Western world.*! Thus diabetic neuropathy is gen- 
erally conceded to be an extraordinarily common complication of 
diabetes, causing significant morbidity and carrying a large finan- 
cial burden. 


CLASSIFICATION OF DIABETIC NEUROPATHY 


Diabetic neuropathy can be classified into two stages or classes, sub- 
clinical (class I) and clinical (class II) (Table 45-1).” Subclinical dia- 
betic neuropathy consists of evidence of peripheral nerve dysfunc- 
tion such as slowed motor and sensory nerve conduction, elevated 


TABLE 45-1. Classification and Staging of Diabetic Neuropathy 
Class 1: Subclinical Neuropathy* 


A. Abnormal Electrodiagnostic Tests (EDX) 
1. Decreased nerve conduction velocity 
2. Decreased amplitude of evoked muscle or nerve action potential 
B. Abnormal Quantitative Sensory Testing (QST) 
1. Vibratory/tactile 
2. Thermal warming/cooling 
3. Other 
C. Abnormal Autonomic Function Test (AFT) 
1. Diminished sinus arrhythmia (beat-to-beat heart rate variation) 
2. Diminished sudomotor function 
3. Increased pupillary latency 


Class II: Clinical Neuropathy 


A. Diffuse Neuropathy 
1. Distal symmetric sensorimotor polyneuropathy 
a. Primarily small-fiber neuropathy 
b. Primarily large-fiber neuropathy 
c. Mixed 
2. Autonomic neuropathy 
a. Abnormal pupillary function 
b. Sudomotor dysfunction 
c. Genitourinary autonomic neuropathy 
(1) Bladder dysfunction 
(2) Sexual dysfunction 
d. Gastrointestinal autonomic neuropathy 
(1) Gastric atony 
(2) Gallbladder atony 
(3) Diabetic diarrhea 
(4) Hypoglycemia unawareness (adrenal medullary neuropathy) 
e. Cardiovascular autonomic neuropathy 
f. Hypoglycemia unawareness 
B. Focal Neuropathy 
1. Mononeuropathy 
2. Mononeuropathy multiplex 
3. Plexopathy 
4. Radiculopathy 
5. Cranial neuropathy 
* Neurological function tests are abnormal but no neurological symptoms or clinically 
detectable neurological deficits indicative of a diffuse or focal neuropathy are present. 
Class I, Subclinical Neuropathy, is further subdivided into class la if an AFT or QST 
abnormality is present, class lb if EDX or AFT and QST abnormalities are present, 
and class Ic if an EDX and cither AFT or QST abnormalities or both are present. 
Source: Reprinted with permission from American Diabetes Association: Report and 
recommendations of the San Antonio conference on diabetic neuropathy. Consensus 
statement. Diabetes 1988:37:1000. 


sensory perception thresholds that occur in the absence of clinical 
signs, and/or symptoms of diabetic neuropathy. Clinical diabetic 
neuropathy consists of the superimposition of symptoms and/or clin- 
ically detectable neurologic deficits (Table 45-1). Clinically overt di- 
abetic neuropathy manifests itself as the presence of one or more of 
the individual clinical syndromes, representing either diffuse or focal 
neuropathy. Although each syndrome has a characteristic presenta- 
tion and clinical course, they frequently coexist in the same patient, 
often making classification of individual cases difficult. 

Diffuse clinical diabetic neuropathy refers to distal symmetric 
sensorimotor polyneuropathy and autonomic neuropathy. Distal 
symmetric polyneuropathy is the most commonly recognized form 
of diabetic neuropathy and features sensory deficits and symptoms 
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that overshadow motor involvement.*'*> Sensory deficits initially 
appear in the most distal portions of the extremities and progress 
proximally in a “stocking-glove” distribution, in the most advanced 
cases forming vertical bands on the chest as distal portions of trun- 
cal nerves become involved.™* The signs, symptoms, and neuro- 
logic deficits of distal symmetric polyneuropathy vary depending 
on the classes of nerve fibers. Loss of large sensory and motor 
fibers leads to a loss of light touch and proprioception and produces 
muscle weakness, while loss of small fibers diminishes pain and 
temperature perception and produces paresthesias, dysesthesias, 
and/or neuropathic pain.*?27 Diminished or absent deep-tendon 
reflexes, especially the Achilles tendon reflex, are often an early in- 
dication of otherwise mild asymptomatic neuropathy. Undetected 
but more advanced asymptomatic neuropathy may first present with 
late complications such as ulceration or neuroarthropathy (Char- 
cot’s joints) of the foot.** The other diffuse form of clinical diabetic 
neuropathy is diabetic autonomic neuropathy (see Chap. 46). This 
often but not always accompanies distal symmetric polyneuropathy 
and can impair virtually any sympathetic or parasympathetic auto- 
nomic function.” 

Cardiovascular autonomic neuropathy first compromises car- 
diac parasympathetic function, diminishing the normal bradycardic 
responses to sleep and deep inspiration. With progression, sympa- 
thetic cardiac and peripheral vascular denervation occurs, interfer- 
ing with normal cardiovascular response to exercise and sensitizing 
the heart to circulating catecholamines, which may predispose to 
tachyarrhythmia and sudden death." Autonomic neuropathy lead- 
ing to respiratory arrest has also been implicated in sudden death 
(see Chap. 46). Gastrointestinal autonomic neuropathy can involve 
virtually the entire length of the gastrointestinal tract.” It con- 
tributes to nonspecific gastrointestinal tract symptoms that afflict 
the majority of diabetic patients. Esophageal motility impairment 
and reflux, decreased vagally mediated gastric acid secretion, and 
delayed gastric emptying produce anorexia, nausea, vomiting, 
early satiety, and postprandial bloating and fullness." Diabetic en- 
teropathy encompasses the clinical syndromes of diabetic constipa- 
tion, diabetic diarrhea, and fecal incontinence, which all reflect 
widespread abnormalities in the intrinsic and extrinsic intestinal 
autonomic nervous system.” Genitourinary autonomic neuropathy 
includes retrograde ejaculation, neuropathic erectile impotence, 
deficient vaginal lubrication leading to dyspareunia, and diabetic 
cystopathy.>? Neuropathic impotence is generally but not always 
accompanied by other manifestations of diabetic neuropathy (see 
Chap 46).*? 

Autonomic sudomotor dysfunction produces an asymptomatic 
distal anhydrosis in a stocking-glove distribution similar to that of 
distal symmetric polyneuropathy. This diminished thermoregula- 
tory reserve predisposes to heatstroke and hyperthermia, and pro- 
duces a compensatory central hyperhydrosis that is often bother- 
some to the patient.*? All forms of autonomic neuropathy are 
addressed in detail in Chap. 46. 

The focal forms of diabetic neuropathy correspond to the dis- 
tribution of single or multiple peripheral nerves (mononeuropathy 
and mononeuropathy multiplex), cranial nerves, regions of the 
brachial or lumbosacral plexuses (plexopathy), or the nerve roots 
(radiculopathy). With the exception of peripheral nerve mononeu- 
ropathies, these focal forms of diabetic neuropathy are relatively 
uncommon.'!”° They are frequently of sudden onset, are generally 
but not always self-limited, and tend to occur in older age groups.”” 
Among cranial nerves, the third cranial nerve is often affected, pre- 
senting with unilateral pain, diplopia, and ptosis with pupillary 
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Table 45-2. Diabetes Mellitus: Potential Peripheral Nervous 
System Complications 


A. Mononeuropathy or Mononeuritis Multiplex 
1. Isolated cranial or peripheral nerve involvement (e.g., CN TI, ulnar, 
median, femoral, or peroneal) 
2. If confluent, may resemble polyneuropathy 
B. Radiculopathy, Polyradiculopathy. or Plexopathy 
1. Thoracic 
2. Lumbosacral 
3. Diabetic amyotrophy 
4. Lumbosacral plexopathy 
C. Autonomic Neuropathy 
D. Polyneuropathy 
1. Diffuse sensorimotor 
2. Painful sensory 


sparing, in a syndrome termed diabetic ophthalmoplegia. Diabetic 
ophthalmoplegia may occur in the absence of other manifestations 
of diabetic neuropathy, and may be bilateral, recurrent, or both.” 
Femoral neuropathy, typically seen in older male type 2 diabetic 
patients, often involves motor and sensory deficits at the level of 
the lumbar plexus or lumbar roots as well as the femoral nerve, 
with the relative excess of motor versus sensory involvement dif- 
ferentiating diabetic femoral neuropathy from that seen in other 
conditions.** Thoracic radiculopathies present as band-like tho- 
racic or abdominal pain that is often misdiagnosed as an acute in- 
trathoracic or intra-abdominal emergency.” The more common 
mononeuropathies mimic the compression neuropathies seen in 
nondiabetic individuals, such as carpal tunnel syndrome or ulnar 
neuropathy.” In summary, distal symmetric polyneuropathy and 
autonomic neuropathy are common, diffuse, and generally pro- 
gressive disorders, whereas the focal neuropathies are rare, sudden 
in onset, often self-limited, and occur primarily in older patients 
with diabetes. These various forms of diabetic neuropathy are dis- 
cussed in more detail below and are listed in Table 45-2. 


RELATIONSHIP OF NEUROPATHY 
TO THE DURATION AND METABOLIC 
SEVERITY OF DIABETES IN MAN 


The relationship of diabetic neuropathy to the severity and dura- 
tion of hyperglycemia has important therapeutic as well as patho- 
genetic implications. The close link between the severity and/or 
duration of hyperglycemia with the development of diabetic 
neuropathy supports intensified glycemic control and implicates 
glucose or insulin-related metabolic factors as important patho- 
genetic elements in the disease process. In the Stockholm Dia- 
betes Intervention Study, intensified insulin treatment of TIDM 
patients prevented the nerve conduction slowing that occurred 
after 5 years in the regular treatment group,’ with continued 
benefit evident at 10 years.’ The Diabetes Control and Compli- 
cations Trial (DCCT) provides even stronger evidence for the im- 
portance of insulin deficiency, hyperglycemia, or both in the 
pathogenesis of diabetic neuropathy.” Intensive diabetes treat- 
ment designed to lower blood glucose to as close to the normal 
range as possible in nonneuropathic subjects with TIDM was, 
after 5 years, able to reduce the prevalence of clinical diabetic 
neuropathy confirmed by abnormal nerve conduction or auto- 
nomic function by 60%.” 
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While T2DM is nearly 10 times more common than T1DM, 
there exists only one prospective trial of type 2 patients and the ef- 
fects of glycemic control on the development of neuropathy. In the 
VA cooperative study, 153 men with an average age of 60 and an 
average known diagnosis of diabetes of 7.8 years were randomly 
assigned to standard or intensive therapy. After 24 months there 
was no difference in the overall prevalence of peripheral or auto- 
nomic neuropathy.°’ However, these results must be considered in 
the context of the several large epidemiologic and population- 
based studies (discussed at the beginning of this chapter) that re- 
veal a strong highly significant association between hyperglycemia 
and neuropathy.” Thus, a large long-duration prospective trial of 
both men and women with T2DM is required to conclusively ad- 
dress this question. Notwithstanding this fact, the generally held 
belief is that longer duration and greater extent of hyperglycemia 
predispose to the development of neuropathy in T2DM patients in 
a manner similar to that of T1DM patients.'*'® 

The onset of clinically overt diabetic neuropathy in an individ- 
ual patient is an unpredictable event. This is true despite the close 
epidemiologic association between clinical neuropathy and the du- 
ration and severity of hyperglycemia in populations of diabetic pa- 
tients. The sometimes-reported “paradoxical precipitation of neu- 
ropathy following institution of good control” refers primarily to 
the acute onset of pain that likely reflects repair and regeneration of 
damaged nerve fibers. Unfortunately, clinical neuropathy was not 
reassessed in the DCCT until the fifth year after initiation of inten- 
sive diabetes therapy,” so the temporal association between the in- 
stitution of diabetes control and the development of neuropathy 
could not be determined. 

The onset of neuropathy may also be influenced by other inde- 
pendent variables such as genetic, nutritional, and toxic factors. °% 
Alcohol consumption, even well within the socially accepted 
norms, appears to be a risk factor for neuropathy.**™ In diabetic 
subjects with absent or very mild clinical neuropathy, nerve con- 
duction parameters are also affected by a variety of features other 
than the severity and duration of diabetes. These variables include 
age, height, and gender, as well as pubertal state at the time of di- 
agnosis of diabetes.” “5 


DIAGNOSIS AND STAGING 
OF DIABETIC NEUROPATHY 


There are three recent areas of active investigation aimed at im- 
proving the diagnosis and classification of diabetic neuropathy: 
(1) the use of quantitative sensory testing and electrodiagnostic 
studies to quantify neural damage, especially as part of large clini- 
cal trials, (2) the use of standardized criteria to diagnose and moni- 
tor neuropathy, especially in a research setting, and (3) the devel- 
opment of simple neuropathy screening tools for use in outpatient 
clinics. This section discusses each area and presents an outpatient 
program for the diagnosis of neuropathy in the practitioner’s office. 


Quantitative Sensory Tests 


Quantitative tests of nerve function are valuable in evaluating the 

extent, severity, natural history, and prevalence of diabetic neu- 

ropathy.% They may also identify patients with unrecognized sub- 

clinical or asymptomatic clinical (e.g., signs alone) diabetic neu- 
29 

ropathy.”” Sensory threshold measurements have the advantage 

over a clinical sensory examination in that reproducible, quantita- 


tive, and graded stimuli are administered to the patient. Repro- 
ducible algorithms for objectively testing and assessing thresholds 
are defined and compared to well-established normative values.’ 
Abnormal sensory thresholds correlate with the presence of dia- 
betic neuropathy in groups of diabetic patients and in individual 
patients. 

There are several commercial instruments available for the eval- 
uation of quantitative sensory perception thresholds. The sensory 
stimuli used in these instruments include thermal, touch-pressure, 
vibratory, tactile, and electrical stimuli.“ Older methodology and 
instruments used a ramp technique or a method-of-limits technique, 
both of which are confounded by response bias. A true alternative 
forced-choice algorithm minimizes response bias. Stimulus and 
nonstimulus episodes are presented in pairs, and the patient must 
identify which episode contained the stimulus. Established algo- 
rithms for all commercially available products define threshold as 
the minimum stimulus correctly detected by the patient 50% of the 
time. A computer-assisted sensory examination (CASE) is now 
commercially available and represents the best standardized method 
for sensory perception threshold testing.” It eliminates bias and is 
the prototype for many of the simpler commercially available prod- 
ucts that are less expensive and can be used with a minimal amount 
of training. Confounding variables that influence sensory perception 
threshold include age, obesity, ischemia, skin temperature, patient 
alertness, room ambience, and test anxiety.°° 


Vibratory Perception Threshold 


Vibratory perception threshold measures large-nerve fiber integrity 
and perception and is normally poorer in the lower extremity than 
the upper extremity. It may be abnormal in the absence of clinical 
symptoms or deficits and may therefore indicate subclinical neu- 
ropathy.© More frequently, abnormalities of vibration perception 
are associated with the loss or reduction of the Achilles tendon 
reflex. Abnormal vibratory perception threshold is more common 
than abnormal touch-pressure and temperature threshold in dia- 
betic individuals, and it may therefore be a more sensitive index 
of subclinical neuropathy.”” Patients with impaired vibratory 
sensation are more prone to develop foot ulceration, lending clini- 
cal significance to the impairment of vibratory perception. 7? 
Thus vibratory perception threshold is a sensitive and clinically 
significant index of large-nerve fiber involvement in patients with 
diabetes. 22727173 


Thermal Perception Threshold 


Thermal perception threshold reflects small-nerve fiber integrity.® 
Because diminished temperature perception predisposes to acci- 
dental bums in diabetic individuals, it has important clinical impli- 
cations. Both warming and cooling can be used to measure thermal 
perception, although the warming method may have a higher de- 
gree of sensitivity than cooling.” Both methodologies have been 
well validated and are easy to perform.’”*”° 


6 


Electrodiagnostic Studies 


Electrodiagnostic tests have widespread application and are reli- 
able, reproducible measures of peripheral nervous system function 
relative to disorders of nerve, muscle, and neuromuscular junc- 
tion.”° They are objective measures that are relatively independent 
of patient effort or cooperation.” Nerve conduction studies and 
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needle electromyography are well accepted for the evaluation of 
diabetic neuropathy, including recent use in sequential studies to 
evaluate disease progression or response to treatment.**”” These 
are sensitive measures, able to detect abnormalities in diabetic pa- 
tients that may not be clinically apparent.” 


Test Description 

The term electromyography technically refers to the needle 
electrode examination, but it often is used in reference to both 
nerve conduction measures and the needle examination. Both are 
important components of the electrodiagnostic examination that 
have been used since the mid-1950s to evaluate patients with sus- 
pected diabetic neuropathy. They are described separately because 
they evaluate slightly different components of the peripheral ner- 
vous system, reflect different abnormalities, and have different 
applications depending on the question asked. 


Nerve Conduction Studies 

Nerve conduction studies’*”* are used to evaluate sensory and 
motor nerves. In these studies, measures of sensory nerve action 
potential (SNAP) or compound muscle action potential (CMAP) 
amplitude, distal latency, and conduction velocity are recorded. 
Amplitude measures are important in the evaluation of peripheral 
neuropathy, reflecting in part the size and number of nerve or mus- 
cle fibers. 

Conduction velocity, as used in conventional electrodiagnostic 
studies, reflects transmission time in the largest myelinated nerve 
fibers. It is expressed as a conduction velocity (meters per second; 
m/s) between two points along the nerve, or as a terminal or distal 
latency (milliseconds) along a fixed distance at the end of the 
nerve. For motor conduction studies, the distal latency also in- 
cludes a neuromuscular transmission latency. The conduction ve- 
locity reflects several physiologic components of peripheral nerve 
function, including nerve size, amount of myelin, nodal and inter- 
nodal lengths, axonal resistance, and nerve temperature. In addi- 
tion to the known pathologic findings of primary axonal loss and 
secondary demyelination and remyelination in diabetic neuropa- 
thy, there may be metabolic changes associated with reduced con- 
duction velocity as well. The observation that nerve conduction ve- 
locity increased 6 hours after initiating normal glucose levels 
suggests that nonstructural changes at least partially account for 
conduction abnormalities in diabetic neuropathy.” 

Conduction over the entire motor nerve, including its proximal 
portion, can be approximated by F-wave latency measures. The 
F wave occurs after antidromic motor nerve stimulation, with resul- 
tant activation of a portion of the anterior horn cells from that nerve 
and transmission of an orthodromic response along those fibers. 
This response can be recorded directly from a muscle innervated 
by those fibers and the stimulation-to-response-onset latency deter- 
mined. Conduction velocity abnormalities in diffuse disorders are 
accentuated by the long conduction distances, making abnormali- 
ties in F-wave latencies very sensitive measures of diabetic neu- 
ropathy, as well as in other conditions associated with diabetes, 
such as diabetic polyradiculopathy. 


Needle Electromyography 

Needle electromyography” (EMG) may be the most sensi- 
tive indicator of axonal degeneration and may demonstrate abnor- 
mality in asymptomatic diabetic patients. Though quantitative 
measures of motor unit action potential recruitment, amplitude, du- 
ration, and configuration are difficult and unreliable compared with 
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nerve conduction measurements, the subjective determination of 
the presence or absence of fibrillation potentials or positive waves at 
rest is easily performed and reproducible. The presence of abnormal 
insertional activity is a very sensitive indicator of axonal degenera- 
tion. These may appear prior to development of clinical findings, 
and prior to development of nerve conduction velocity or SNAP 
amplitude abnormalities. Most patients feel that the needle exami- 
nation is more uncomfortable than the conduction studies, and it is 
rarely used in sequential clinical trials because of poor tolerance. 
Its most important use in diabetic neuropathy is to document the 
presence or absence of superimposed diabetic polyradiculopathy, 
amyotrophy, plexopathy, or other peripheral nerve disorders. ”? 


Electrodiagnostic Evaluation 

of Diabetic Neuropathy 

The techniques used in the electrodiagnostic evaluation of dia- 
betic patients must be rigorous. Nerve conduction studies should 
be performed and reported, together with norma! values, using 
standardized laboratory techniques.’ Normal values usually are 
reported as three standard deviations from the mean when the data 
are normally distributed, or as a normal range or 99th percentile 
when the distribution is not Gaussian.”° Different values exist for 
different age groups and some measures vary according to patient 
size (height, finger circumference, and limb length).’”* Using ap- 
propriately defined normal data, individual diabetic patients or 
groups of patients may be compared with population normal val- 
ues.” One important source of variability in nerve conduction 
measurements relates to the influence of limb temperature on am- 
plitude, distal latency, and conduction velocity.” Conventional 
practice is to warm cool limbs into the temperature range used for 
obtaining normal values, usually 32°-36°C.”” 


Standard Evaluation and Interpretation 

The electrodiagnostic examination of diabetic patients must be 
thorough because a variety of diabetes-related peripheral abnor- 
malities exist, including mononeuropathy, mononeuritis multiplex, 
plexopathy, polyradiculopathy, and sensorimotor polyneuropathy 
(Table 45-2). A complete evaluation allows detection and quantifi- 
cation of the peripheral disorder, as well as identifying the predom- 
inant pathophysiology. Such an evaluation may allow patient clas- 
sification into homogeneous groups for treatment trials (e.g., pure 
sensorimotor polyneuropathy versus polyradiculopathy or polyra- 
diculoneuropathy), while simultaneously identifying patients with 
superimposed focal or multifocal lesions. 

A standard evaluation can be outlined (Table 45-3), although 
the strategy differs depending on the severity of the disorder. When 
symptoms or signs are minimal, evaluation is directed toward the 
Most sensitive or susceptible nerves.” In diabetic neuropathy, dis- 
tal lower-extremity studies are more likely to be abnormal than 
upper-extremity studies, and sensory abnormalities are more com- 
mon than motor abnormalities.” Absent lower-extremity responses 
cannot be used to document subsequent progression, and because 
of this, it is important to study less involved nerves, 46:77:78.80 

The needle examination is used in several ways. As a sensitive 
indicator of axonal degeneration, it may demonstrate the only ab- 
normality in an early diabetic neuropathy.” The electromyogra- 
pher can also use needle electromyography to examine muscles 
inaccessible or poorly accessible to nerve conduction studies, in- 
cluding paraspinal, abdominal, and proximal extremity muscles. 
Abnormal findings in such muscles may provide evidence of 
polyradiculopathy (symptomatic or asymptomatic), amyotrophy, 
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TABLE 45-3. Polyneuropathy Protocol 


I. Conduction Studies* 
A. General 

1. Test most involved site if mild or moderate, least involved if 
severe. 

2. Warm limb if temperature is <32°C; monitor and maintain tem- 
perature throughout study. 

3. Use reproducible recording and stimulation sites (either fixed 
distances or standard landmarks). 

4. Use supramaximal percutaneous stimulation. 

B. Motor Studies 

1. Peroneal motor (extensor digitorum brevis); stimulate at ankle 
and knee. Record F-wave latency following distal antidromic 
stimulation. 

2. Abnormal, tibial motor (abductor hallucis); stimulate at ankle; 
record F-wave latency. 

3. If no responses: peroneal motor (anterior tibial); stimulate at 
fibula. 

4. Ulnar motor (hypothenar); stimulate below wrist and elbow. 
Record F-wave latency. 

5. Median motor (thenar); stimulate wrist and antecubital fossa. 
Record F-wave latency. 

C. Sensory Studies 

1. Sural sensory (ankle); may occasionally require: 
a. Needle recording 
b. Response averaging 

2. Median sensory (index); stimulate wrist and elbow. If an- 
tidromic response absent or focal entrapment suspected, record 
(wrist) stimulating palm. 

3. Ulnar sensory (Sth digit); stimulate wrist. If antidromic response 
absent or superimposed on motor artifact, perform orthodromic 
study. 

D. Autonomic Studies 

1. Skin potential responses (palmar and plantar surfaces of hand 

and foot, respectively); stimulate contralateral median nerve. 
E. Additional 
1. Additional motor or sensory nerves can be evaluated if findings 
equivocal. Definite abnormalities should result in: 
a. Evaluation of opposite extremity 
b. Proceed to evaluation of specific suspected abnormality. 
Il. Needle Examination 
A. Representative Muscles 

l. Anterior tibial, medial gastrocnemius, first dorsal interosseous 
(hand), and lumbar paraspinal muscles. 

2. If normal, intrinsic foot muscles should be examined. 

3. Any abnormalities should be confirmed by examination of at 
least one contralateral muscle. 

B. Grading 

1. Abnormal spontaneous activity should be graded subjectively 
[0-4] using conventional criteria. 

2. Motor unit action potential amplitude, duration, configuration, 
and recruitment graded subjectively. 


* Recording sites are in parenthesis. 


or other focal disorder. ® The subjective interpretation of the results 
of needle electromyography also allows differentiation of acute, 
subacute, and chronic peripheral disorders. This may be useful in 
identifying evidence of residual abnormalities, independent from 
diabetic neuropathy. 

There is a positive relationship between the electrodiagnostic 
and clinical examinations. Quantitative neurologic measures of sen- 
sation, including touch-pressure, vibration, and two-point discrimi- 
nation, and muscle stretch reflexes and strength correlate with elec- 
trodiagnostic measures, including sensory evoked amplitudes and 


motor conduction velocities.” Sural nerve morphology has also 
been compared with results from nerve conduction studies. Typical 
findings included loss of large and small myelinated nerve fibers, ev- 
idence of segmental remyelination and demyelination, and variable 
amounts of axonal degeneration. Comparing maximal measured 
sural conduction velocity with the diameter of the largest axons in- 
dicated that conduction velocities were 10-30% slower than ex- 
pected, based on normal mean values, even in nerves with preserved 
large fibers.“° The electrodiagnostic findings in the sural nerve were 
representative of findings in other nerves. It was concluded that such 
slowing was due to causes other than fiber loss, whereas more sub- 
stantial slowing was related to degeneration of large fibers. The re- 
ported pathologic findings demonstrate that fiber loss is primary and 
demyelination with remyelination is secondary.*'*? 


Subclinical Diabetic Neuropathy 


Significantly reduced conduction velocity in asymptomatic, 
neurologically intact patients is not surprising and has been re- 
ported in several studies.” Slowed conduction velocity may 
reflect segmental demyelination and remyelination without con- 
duction block or substantial axonal degeneration, or it may re- 
flect a metabolic abnormality in diabetic nerve. For example, 
mean motor conduction velocity differences of 4.6 m/s were 
found in diabetic patients compared to age-matched controls, 
averaged for upper- and lower-extremity nerves.™* Other studies 
have demonstrated that loss of amplitude of sensory potentials 
is a sensitive indicator of subclinical involvement, followed by 
the appearance of fibrillation potentials.” 


Clinically Evident Diabetic Neuropathy 


Conduction velocity slowing has been reported consistently, usually 
demonstrating a 5-13-m/s difference between diabetic patients with 
clinically evident neuropathy and age-matched control subjects.°° 
The actual difference depends on the nerves studied, the severity of 
the neuropathy, and other factors, including glycemic control. 

Sensory conduction abnormalities are more pronounced than 
motor abnormalities (greatest mean deviation from normal), and 
most pronounced in the distal lower extremities. The overall sensi- 
tivity of the electrodiagnostic evaluation has been studied by deter- 
mining the frequency of abnormality for individual measures for 
109 adult diabetic patients under 60 years of age with clinically 
apparent diabetic neuropathy. The percentage of patients demon- 
strating abnormality of individual test measures was as follows: ab- 
normal sural amplitude, 91% (absent in 63%; reduced in 16%); ab- 
normal needle examination of intrinsic foot muscles, 88%; reduced 
tibial and peroneal motor conduction velocities, 75%; reduced me- 
dian and ulnar motor conduction velocities, 64%; reduced or absent 
upper-extremity SNAP amplitudes, 57%; and abnormal lumbar 
paraspinal needle examination, 22%.% These findings reflect the ex- 
perience of most clinical electromyographers, and support the elec- 
trodiagnostic protocol outlined in Table 45-3. The most severely im- 
paired patients have the greatest number and greatest magnitude of 
nerve conduction abnormalities. 


Summary 


Electrodiagnostic studies are a valuable component of the overall 
evaluation of patients with known or suspected diabetes. Often ab- 
normal in asymptomatic, clinically intact diabetic patients, these 
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studies are almost invariably abnormal in the presence of clinically 
evident diabetic neuropathy. A normal electrodiagnostic examina- 
tion makes the diagnosis of diabetic neuropathy unlikely, even in pre- 
dominantly small-fiber disease. When properly used, nerve conduc- 
tion studies and needle electromyography can suggest the underlying 
pathophysiology, monitor disease progression or improvement, or 
identify peripheral disorders other than neuropathy that may be caus- 
ing diagnostic confusion. The use of electrodiagnostic studies in clin- 
ical trials is similarly important, although the trials must be suffi- 
ciently long to permit physiologic improvement or deterioration.*” 


Standardized Criteria to Diagnose and Monitor 
Neuropathy for Clinical Trials 


A comprehensive set of diagnostic criteria for detection and staging 
of diabetic neuropathy was first introduced in 1985 by Dyck and col- 
leagues.** In response to widespread interest generated by these cri- 
teria and by ongoing clinical treatment trials in diabetic neuropathy, 
the American Diabetes Association and the American Academy of 
Neurology convened a panel in 1988. Now known as the San Anto- 
nio Consensus Conference on Diabetic Neuropathy, this group rec- 
ommended a set of research guidelines defining subclinical and clin- 
ical diabetic neuropathy.” The panel suggested that each patient 
have at least one measure from quantitative tests of (1) clinical 
symptoms, (2) clinical signs, (3) quantitative sensory testing, (4) au- 
tonomic function testing, and (5) electrodiagnostic studies. Results 
from these tests place patients into definable categories. 

The diagnosis of subclinical diabetic neuropathy (Table 45-1, 
class I) requires the demonstration in a diabetic patient of objective 
measurement of peripheral neural impairment not attributable to a 
nondiabetic etiology in the absence of detectable clinical signs or 
symptoms of neuropathy. The diagnosis of clinical diabetic neu- 
ropathy (Table 45-1, class II) requires the demonstration in a dia- 
betic patient of symptoms or signs plus objective measurement of 
peripheral neural impairment not attributable to a nondiabetic eti- 
ology. Since there are no distinguishing features unique to diabetic 
neuropathy, all other likely causes of peripheral neuropathy or dis- 
orders that mimic peripheral neuropathy must be excluded by care- 
ful history and physical examination and appropriate diagnostic 
tests (Table 45-4). Neuropathy must also accompany currently ac- 
cepted diagnostic criteria for diabetes.” Since neuropathic symp- 
toms are often vague and nonspecific, confirmatory clinical signs 
or objective measurements of peripheral nerve dysfunction (so- 
matic or autonomic) must be present. 


OUTPATIENT DIAGNOSIS OF NEUROPATHY 


The diagnostic criteria of the San Antonio Conference were devel- 
oped for research trials and are difficult to employ in routine clini- 
cal practice. The Michigan Neuropathy Program is a two-part 
assessment developed to diagnose and stage diabetic neuropathy in 
an outpatient setting.” In part one, a simple 8-point clinical exam- 
ination, designated the Michigan Neuropathy Screening Instru- 
ment (MNSI), is administered by a health care professional (Fig. 
45-1). An MNSI score of >2 indicates the presence of neuropathy 
with a high specificity (95%) and sensitivity (80%).*°"! The sever- 
ity of neuropathy is determined in the second part of the Michigan 
Neuropathy Program. A focused 146-point neurologic examination 
is administered by a health care professional (Fig. 45-2), followed 
by routine nerve conduction studies (sural, peroneal motor, median 
sensory, and motor and ulnar sensory). The severity of neuropathy 
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TABLE 45-4. Differential Diagnosis of Diabetic Neuropathy 


I. Distal Symmetric Polyneuropathy 
A. Metabolic 
1. Diabetes mellitus 
2. Uremia 
3. Folic acid/cyanocobalamin deficiency 
4. Hypothyroidism 
5. Acute intermittent porphyria 
B. Toxic 
1. Alcohol 
2. Heavy metals (lead, mercury. arsenic) 
3. Industrial hydrocarbons 
4. Various drugs 
C. Infectious or Inflammatory 
1. Sarcoidosis 
2. Leprosy 
3. Periarteritis nodosa 
4. Other connective tissue diseases (e.g., systemic lupus 
erythematosus) 
D. Other 
1. Dysproteinemias and paraproteinemias 
. Paraneoplastic syndrome 
. Leukemias and lymphomas 
. Amyloidosis 
5. Hereditary neuropathies 
ll. Pains and Paresthesias without Neurological Deficit 
A. Early small-fiber sensory neuropathy 
B. Psychophysiologic disorder (e.g.. severe depression, hysteria) 
TMI. Autonomic Neuropathy without Somatic Component 
A. Shy-Drager syndrome (progressive autonomic failure) 
B. Diabetic neuropathy with mild somatic involvement 
C. Riley-Day syndrome 
_D. Idiopathic orthostatic hypotension 
IV. Diffuse Motor Neuropathy without Sensory Deficit 
A. Guillain-Barré syndrome 
B. Primary myopathies 
C. Myasthenia gravis 
D. Heavy-metal toxicity 
V. Femoral Neuropathy (Sacral Plexopathy) 
A. Degenerative spinal disk disease (e.g., Paget’s disease of the 
spine) 
B. Intrinsic spinal-cord-mass lesion 
C. Cauda equina lesions 
D. Coagulopathies 
VI. Cranial Neuropathy 
A. Carotid aneurysm 
B. Intracranial mass 
C. Elevated intracranial pressure 
VII. Mononeuropathy Multiplex 
A. Vasculitides 
B. Amyloidosis 
C. Hypothyroidism 
D. Acromegaly 
E. Coagulopathies 


AUN 


is graded in each patient by a composite score consisting of the 
number of abnormal nerve conductions and total points from the 
clinical examination (Fig. 45-3). This program has been success- 
fully used in diabetic outpatient clinics for the screening and sim- 
ple staging of diabetic neuropathy.” 

The Semmes-Weinstein 5.07 (10-g) monofilament provides a 
simple screening tool for diabetic neuropathy and is recommended 
for this use by the International Diabetes Federation and the World 
Health Organization European St. Vincent Declaration.” ® The 
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Yes 
(0) 


Appearance of feet Right Normal 


No 
(1) 


If no, check all that apply: 
Deformed 
Dry skin 
Infection 
Ulceration (1) 


Yes 
(0) 
Left Normal 


No 
(1) 


If no, check all that apply: 
Deformed 
Dry skin 
Infection 
Ulceration (1) 


Present Present/reinforcement 


(0) (0.5) 
Ankle reflexes Right 


Left 


Present 
(0) (0.5) 
Vibration perception 


Right 
at great toe Left 


TOTAL 


monofilament buckles when a 10-g force is applied.” In some office 
settings, patients are tested for the ability to sense the monofilament 
at 10 sites on the foot.””” Inability to perceive the filament corre- 
lates with an insensate foot and diabetic neuropathy.””*? A recent 
study examined the variation and sensitivity of the 10 different sites 
and found that examining only 2 sites can provide useful informa- 
tion: these are sites 3 and 4, the plantar aspect of the first and fifth 
metatarsal heads. If a patient can not feel the monofilament in these 
locations, there is a high sensitivity and specificity (80% and 86%, 
respectively) that the patient has diabetic neuropathy.’ 


MANAGEMENT APPROACHES TO THE CLINICAL 
SYNDROMES OF DIABETIC NEUROPATHY 


As summarized earlier, clinically evident diabetic neuropathy is 
subdivided into a series of distinct but not mutually exclusive clin- 
ical syndromes that may occur concurrently in individual patients. 
The diffuse forms of diabetic neuropathy, distal symmetric sensori- 
motor polyneuropathy, and autonomic neuropathy are by far the 
most common syndromes, occurring in a large proportion of neuro- 
pathic patients. Distal symmetric sensorimotor polyneuropathy 
usually starts with sensory findings, affecting the distal sensation in 
a stocking-glove distribution, with later and less prominent motor 
involvement usually involving the most distal muscle groups. Au- 
tonomic neuropathy generally involves multiple organ systems, but 


Decreased 


Absent 
(1) 


FIGURE 45-1. Neuropathy screening instru- 
ment. (Reprinted with permission from Feld- 
man et al.**) 


clinical presentation and symptoms are often centered within a sin- 
gle organ system. Less common are a variety of focal neuropathic 
syndromes that either involve single nerves or groups of peripheral 
nerves, including the cranial nerves, or involve other focal regions 
of the peripheral nervous system. 

The diffuse nature and chronic progressive course of distal sym- 
metric polyneuropathy and autonomic neuropathy suggest meta- 
bolic neuropathies, whereas the rapid onset, limited distribution, 
and self-limited nature of the focal neuropathies suggest a vascular 
basis. Because the neuropathic syndromes of diabetes are indistin- 
guishable from a variety of other forms of peripheral neuropathy, the 
diagnosis of diabetic neuropathy is a diagnosis of exclusion, requir- 
ing appropriate diagnostic work-up for other causes of neuropathy 
(Table 45-4). 


FOCAL NEUROPATHIES 


Focal and multifocal diabetic neuropathies with neurologic deficits 
confined to the distribution of single or multiple peripheral nerves 
are termed diabetic mononeuropathy and diabetic mononeuropathy 
multiplex, respectively. The appearance of neurologic deficits in the 
distribution of focal lesions at the level of the brachial or lum- 
bosacral plexuses is termed diabetic plexopathies, whereas those 
conforming to deficits at the level of nerve roots are termed dia- 
betic radiculopathy. When diabetic mononeuropathy or mononeu- 


Chapter 45 SOMATOSENSORY NEUROPATHY 7719 


Sensory Impairment 


Right Normal Decreased Absent 
Vibration at big toe 0 1 2 
10 gr filament 0 1 
Pin prick on dorsum Painful Not Painful 

of great toe 0 2 

Decreased 

Vibration at big toe 0 1 

10 gr filament (0) 1 


Pin prick on dorsum Painful Not Painful 
of great toe 0 2 


Left Normal 


Muscle Strength Testing 


Right Normal Mild to Moderate Severe Absent 
Finger spread 1 
Great toe extension 0 1 2 


Ankle dorsiflexion 0 1 2 


Left Normal Mild to Moderate Severe 
Finger spread 
Great toe extension 


Ankle dorsiflexion 


Reflexes 


Present with Reinforcement Absent 


Right Present 
Biceps brachii 1 


Triceps brachii 0 1 
Quadriceps femoris 0 1 
Achilles 0 1 


Left Present Present with Reinforcement 
Biceps brachii 1 
Triceps brachii 1 
Quadriceps femoris 1 
1 


Achilles 


FIGURE 45-2. Diabetic neuropathy score 
used by the Michigan Neuropathy Program 
for Neurologic Examination. (Reprinted 


with permission from Feldman et al”) 


ropathy multiplex involves cranial nerves, it is then termed diabetic 
cranial neuropathy. 


Cranial Neuropathies 


Isolated cranial neuropathies occur in diabetic patients, especially 
the aged (but rarely in diabetic children).™* Signs and symptoms of 
more generalized diabetic neuropathy may be absent, though the 
cranial palsies may be recurrent or bilateral. As noted above, the 


Total: 146 points 


third cranial nerve is most commonly involved, characteristically 
with pupillary sparing (in contrast to vascular oculomotor compres- 
sion palsy. where pupillary dilatation is usually an early feature).”* 
Patients classically present with unilateral ophthalmoplegia that 
spares lateral eye movement, and headache. The accompanying pain 
is typically intense and referred above or behind the eye, but may be 
mild or absent in 50% of cases." The responsible nociceptors are 
thought to be either perineurial or in the adjacent first and second di- 
visions of the trigeminal nerve, since the third nerve is essentially 
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VISIT 
Abnormal Clinical Score Score Score 
Nerves Points 


Ea a 
BL =) 


13-29 22 
23 
24 
25 
26 
27 
28 
29 
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Date Date Date Date Date 


0 
no 
neuropathy 


1 
mild 
neuropathy 


2 
moderate 
neuropathy 


3 
severe 
neuropathy 


FIGURE 45-3. Michigan Diabetic Neuropathy score sheet. (Reprinted with permission from Feldman et al.>") 
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purely motor." Progressive diminution of pain and return of oculo- 
motor function is the rule, even in elderly patients. 

The intracavernous portion of the third nerve represents a vas- 
cular watershed region between the intra- and extracranial circula- 
tion, where vascular supply is most tenuous. Focal fusiform central 
destructive lesions involving the cavernous sinus portion of the 
third nerve are reported in autopsied cases of isolated diabetic 
third-nerve palsy. Central nerve fibers were most heavily damaged 
and demyelinated, while superficial fibers (thought to innervate the 
pupil) were relatively spared.” Differential diagnosis would in- 
clude lesions of the midbrain or posterior orbit, aneurysm of the in- 
ternal carotid, cavernous sinus lesions, and tumors of the base of 
the brain.™ 

Other cranial nerves that are less commonly involved in diabetic 
neuropathy include the sixth, the fourth (usually in combination 
with other cranial nerves rather than alone), and the seventh cranial 
nerves, presumably also on a vascular basis." Other than the third 
and sixth cranial nerves, there is little evidence to suggest that cra- 
nial nerve palsies occur more frequently in diabetic individuals.™ 


Mononeuropathy or Mononeuropathy Multiplex 


Isolated peripheral nerve palsies occur more commonly in diabet- 
ics, but the causal and coincidental relationships are difficult to dif- 
ferentiate.”’ However, 40% of unselected patients with clinically 
overt diffuse diabetic neuropathy have either electrophysiologic or 
clinical evidence of superimposed focal nerve damage at common 
entrapment or compression sites (e.g., median nerve at wrist and 
palm, radial nerve in upper arm, ulnar nerve at elbow, lateral cuta- 
neous nerve of the thigh, and peroneal nerve at fibular head), sug- 
gesting that diffuse diabetic neuropathy predisposes to focal nerve 
damage.” This contention is further supported by evidence that the 
risk of developing carpal tunnel syndrome is more than doubled in 
diabetic subjects.” Nerves not commonly exposed to compression 
or entrapment damage occasionally demonstrate focal impairment 
in patients with diabetes, but this may simply reflect coincidental 
occurrence of diabetes and compression neuropathy.*”' 

Diagnosis of mononeuropathy or mononeuropathy multiplex 
should be confirmed by electrodiagnostic studies. Other nondia- 
betic causes of mononeuropathy, mononeuropathy multiplex, or 
both should be excluded, such as vasculitides, acromegaly, coagu- 
lopathies, and hypothyroidism.” 7 Compression and entrapment 
palsies in diabetic patients respond to standard conservative or sur- 
gical management (i.e., protection against additional mechanical 
trauma or surgical release procedures).*”'™ Treatment of other 
mononeuropathies is the same as for nondiabetic mononeuropathy 
and is essentially supportive. Improved glucose control has been 
suggested, but there are no controlled data to suggest that it is 
specifically helpful.*7' 


Thoracic Radiculopathy (intercostal 
Neuropathy, Truncal Neuropathy) 


Diabetic thoracic radiculopathy presents with dermatomal pain and 
loss of cutaneous sensation. The syndrome may involve multiple 
dermatomal levels and may be bilateral in some cases.°° Hypesthe- 
sia or paresthesia usually develops during the course of the disor- 
der. Symptoms frequently are attributed to a compressive lesion 
such as a herniated nucleus pulposus, but radiographic studies and 
myelography are negative.°°*° When pain is prominent, truncal 
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radiculopathy is frequently misdiagnosed as an acute intrathoracic 
or intra-abdominal visceral emergency (e.g., myocardial infarction 
cholecystitis, peptic ulcer, or appendicitis), with multiple fruitles: 
diagnostic and/or exploratory surgical procedures performed be 
fore the correct diagnosis is recognized." "” Electrodiagnostic 
studies of the paraspinal muscles are usually diagnostic.” Al 
though generally ascribed to acute infarction of the nerve root, con 
firmatory histopathologic evidence is lacking. Signs of diffuse 
distal symmetric polyneuropathy are often present.***®° Sponta 
neous resolution of both symptoms and signs is the rule, usually 
within 6-24 months.”° 


Diabetic Polyradiculopathy 


In 1953, Garland and Taverner described a syndrome of pain and 
proximal limb weakness in diabetics, which was later called asym- 
metric (motor) proximal neuropathy." Among diabetic neu- 
ropathies, this syndrome, also known as diabetic amyotrophy, is sec- 
ond only to polyneuropathy in frequency.’ The pathogenesis of this 
syndrome is controversial and has been ascribed to lesions of the an- 
terior hom cell, lumbar roots, lumbar plexus, or femoral nerve. Bas- 
tron and Thomas!” attempted to unify the diverse concepts surround- 
ing diabetic amyotrophy by proposing that the syndrome represented 
a diabetic polyradiculopathy that preferentially involved the high 
lumbar roots L2, L2, and L4. A recent study by Dyck and associates 
suggests that ischemic injury secondary to microscopic vasculitis of 
lumbrosacral roots, plexuses, and nerves underlies the disease 
process in both diabetic!*? and nondiabetic patients. "” 

In patients with diabetes, the syndrome occurs spontaneously, 
with pain and sensory impairment and disabling weakness of 
thigh flexion and knee extension.” Pain classically extends from 
the hip to the anterior and lateral surface of the thigh. The pain 
may develop insidiously or episodically, and may be worse at 
night. Muscle weakness most often involves the iliopsoas, quadri- 
ceps, and adductor muscles, but usually spares the hip extensors 
and hamstrings.” The anterolateral muscles in the calf may also 
be involved, mimicking an anterior compartment syndrome. Distal 
symmetric polyneuropathy is almost always present.” Nearly 
complete recovery is the rule though not universal, and the syn- 
drome may persist for several years or recur.” 

The syndrome may be distinguished from sciatic neuropathy 
by a normal straight leg-raising test. Because of the similarities be- 
tween diabetic polyradiculopathy and that which occurs in associa- 
tion with other conditions, diabetic polyradiculopathy remains a di- 
agnosis of exclusion: space-occupying lesions, trauma, nondiabetic 
vasculopathies, and skeletal abnormalities must be carefully ex- 
cluded.” Treatment for high lumbar diabetic polyradiculopathy 
syndrome is supportive pending spontaneous recovery, although 
several investigators suggest that treatment with intravenous 
gamma globulin may speed recovery." The beneficial effect of 
improved diabetic control, though often commented on, remains 
unsupported. 


POLYNEUROPATHY 


Distal symmetric polyneuropathy is generally conceded to be the 
most widely recognized form of diabetic peripheral reuropa- 
thy.?*'°':13 The neurologic deficit is classically distributed over 
all sensorimotor nerves, but demonstrates a distinct predilection 
for the most distal innervated sites in a more or less symmetrical 
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fashion.**'*:'"” Similar distributions are shared by other metabolic 
neuropathies, including uremic and various nutritional neuro- 
pathies.**:'"* Neurological impairment begins in the most distal 
portions of the peripheral nervous system, usually the feet or toes, 
and extends proximally in both the upper and lower extremities. 
With continued progression, a coexisting vertical anterior chest 
band of sensory deficit develops as the tips of the shorter truncal 
nerves become involved (Fig. 45-4),'°'"”! As discussed in pre- 
ceding sections, the diffuseness of peripheral nerve damage in dis- 
tal symmetric polyneuropathy is evidenced by both electrophysio- 
logic and histologic studies.” There is generalized motor and 
sensory conduction slowing and axonal degeneration and demyeli- 
nation in patients with distal symmetric polyneuropathy, with 
slowing of nerve conduction closely paralleling histologic fiber 
loss.’"** Both the histologic and electrophysiologic changes ap- 
pear earlier and arè more pronounced in the most distal compo- 
nents of the peripheral nervous system. "' 

The signs, symptoms, neurologic deficits, and electrophysio- 
logic characteristics of distal symmetric polyneuropathy vary de- 
pending on the classes of nerve fibers that are involved. However, 
the symptoms and signs always initially appear in a distal distribu- 
tion and spread proximally, with disease progression in a fiber- 
length-dependent fashion." Because the signs and symptoms of 
diabetic distal symmetric polyneuropathy are identical to those that 
occur in distal symmetric neuropathies of other etiologies (Table 
45-4), the clinical diagnosis is one of exclusion.” >"? 


FIGURE 45-4. Sensory deficits in distal symmetric polyneuropathy, 
(Reprinted with permission from Low PA, Tuck RR, Takeuchi M: Nerve mi- 
croenvironment in diabetic neuropathy. In: Diabetic Neuropathy. Dyck 
PJ, Thomas PK, Asbury AK, Winegrad AJ, Porte D Jr. Eds. Saunders: 1987; 
266.) 
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Clinical Signs and Symptoms of Distal 
Symmetric Polyneuropathy 


As stated earlier, the signs and symptoms of distal symmetric 
polyneuropathy vary considerably depending on the spectrum of 
nerve fiber involvement. Large sensory fiber loss produces dimin- 
ished position and light touch sensation, whereas small-fiber dam- 
age produces diminished pain and temperature sensation,*70*"" 
Usually both large and small sensory fibers are involved in the 
neuropathic process to a similar degree, producing a mixed senso- 
rimotor peripheral polyneuropathy. Motor weakness is usually not 
marked, primarily involving the most distal intrinsic muscles of the 
hands and feet as a rather late feature. However, diminished deep- 
tendon reflexes, especially the Achilles tendon reflex, are often an 
early feature,!!'6%107.109 

Some patients, with more selective fiber damage, present as 
variations of this general theme. If large-fiber sensory loss predom- 
inates, patients present with impaired balance, diminished proprio- 
ception and position sense, and absent or reduced vibration sensa- 
tion. Subjective symptoms of pain, paresthesia, or numbness are 
usually absent, and the neuropathy may present only via a late neu- 
ropathic complication such as a Charcot's joint or a neuropathic ul- 
ceration (see below).'"°-!*-!'' With severe large-fiber involvement, 
loss of position sense may result in a sensory ataxia, which is re- 
ferred to as a “pseudotabetic™ form of diabetic neuropathy. In this 
variant, nerve conduction slowing is usually clearly demonstrable 
due to the involvement of the large, rapidly conducting fiber popu- 
lation.'°°-'*-'"! Tr the neuropathy primarily involves small sensory 
fibers, then the patient may present with undetected trauma of the 
extremities (e.g., burns of the fingers from cigarettes, burns of the 
feet from stepping into hot bath water, or acute abrasions and ul- 
cerations of the feet from small objects retained inside the shoe that 
go undetected for prolonged periods due to insensitivity to pain). 
Alternatively, patients with small sensory fiber involvement may 
present with subjective symptoms of numbness or feelings of “cold 
feet” or “dead feet”! 169107-109 

Several kinds of spontaneous pain may be associated with 
small-fiber damage in diabetic neuropathy.” Most commonly, pa- 
tients experience typical neuropathic distal paresthesias (sponta- 
neously occurring uncomfortable sensations) or dysesthesias (con- 
tact paresthesias).'!” Some patients complain of exquisite cutaneous 
contact hypersensitivity to light touch. At times the pain is described 
as superficial and buming, shooting or stabbing, or bone-deep and 
aching or tearing.''? Often the pains are more pronounced at night, 
producing insomnia.'" At times, pain can become an overriding and 
disabling feature of diabetic neuropathy. Muscle cramps, which 
begin distally and slowly ascend, are similar to those reported in 
other muscle denervation disorders. Because disease involvement in 
these patients may be primarily confined to the small myelinated 
nerve fibers, conduction velocity may not be dramatically impaired, 
vibration sensation may be intact, motor weakness may be absent, 
and, if the patient's symptoms bring him or her to the physician’s at- 
tention early in the course of the disease, sensory loss may not be 
striking." The presence of painful symptoms in the absence of 
striking neurologic deficit appears somewhat paradoxical; however, 
painfulness may reflect increased fiber regeneration, which may 
commence before degeneration is sufficiently severe to present 
marked sensory deficit,''*!"° 

Most patients with diabetic neuropathy experience either no or 
only slight subjective symptoms and present to the physician with 
asymptomatic neurologic deficits detected on physical examina- 
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uon. or with complications resulting from the asymptomatic sen- 
sory deficits.'"!'® Pure or primarily motor neuropathy is very rare 
in diabetes, and its presence suggests an alternate etiology such as 
Guillain-Barré syndrome.'® A primary motor neuropathy has been 
associated with insulin-induced hypoglycemia in psychiatric pa- 
tients and in insulinoma; animal experiments support the concept 
of a hypoglycemic peripheral! neuropathy.'’” Hence recurrent iatro- 
genic hypoglycemia should be considered in any diabetic present- 
ing with a primarily motor distal neuropathy.''’ 


Complications of Distal 
Symmetric Polyneuropathy 


The mechanical and traumatic consequences of distal symmetric 
polyneuropathy are largely preventable, and as such represent a 
failure of medical management when they occur.”! Moreover, they 
constitute a significant risk to the neuropathic patient.''* Their pro- 
phylaxis is a major target of standard diabetes patient education, 
especially that dealing with foot care and hygiene.’”*'!° 


Neuropathic Foot Ulceration 

Traumatic damage to the skin and soft tissues of the foot oc- 
curs with great frequency in most sensory neuropathies, including 
diabetic distal symmetric polyneuropathy.” Central to all forms of 
diabetic foot ulceration is insensitivity to pain, although dimin- 
ished proprioception and muscle strength as well as vascular fac- 
tors may play contributing roles.” In the classic plantar ulcer, neu- 
rogenic atrophy of the intrinsic foot muscles, which normally 
tonically counterbalance the more proximal foot flexors and exten- 
sors, results in chronic flexion of the metatarsal-phalangeal joints, 


FIGURE 45-5. The pathogenesis of dia- 
betic foot ulcers. (Reprinted with permis- 
sion from Kwasnik E: Surg Clin North Am 
1986;66:305.} 
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thereby drawing the toes into a curled-up position (claw toe defor- 
mity). Weight bearing is then shifted to the now uncovered 
metatarsal heads, leading to thinning and atrophy of the normal fat 
pad. In the absence of pain, thick calluses form over the exposed 
metatarsal bony prominences and protrude from the plantar sur- 
face of the foot, further shifting weight bearing to the metatarsal 
heads (Fig. 45-5).'°°'?! The calluses first thicken and then undergo 
liquefaction. The dry overlying skin breaks down, possibly reflect- 
ing in part the diminished lubrication secondary to decreased su- 
domotor activity of the generally accompanying autonomic neu- 
ropathy, '70-'?? The resulting central ulcerations may remain 
unnoticed in the absence of pain sensation, even when secondary 
infection develops.?*'”* Plantar ulcers, which develop when ab- 
normal foot architecture transfers body weight onto normally non- 
weight-bearing areas of the foot, are usually located at callused 
sites of maximal walking pressure. With further architectural de- 
formity due to neuroarthropathy or amputation, plantar ulcers may 
develop at alternative weight-bearing sites.'?*"'*° 

Neuropathic foot ulcers also develop at other locations through 
other mechanisms in the absence of callus formation. The de- 
formed neuropathic foot does not conform well to the shape of the 
standard shoe, leading to pressure lesions and/or abrasions at loca- 
tions other than weight-bearing sites.’*'”! The generally thin dor- 
sal dermis of the foot may be abraded within hours, so that re- 
peated self-examinations are mandatory when new footwear is 
wom or with prolonged walking or weight bearing in the absence 
of pain sensation.”!7? 

Ischemia has been invoked as a factor in diabetic foot ulcera- 
tion. but its role is controversial. Toe blood pressures have been 
found to be reduced in patients with neuropathic foot ulceration, 
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even when the ankle:brachial pressure is normal.!?7!78 However, 


the role of vessel disease of the toes in foot ulceration remains un- 
clear. Frank ischemic gangrene may be hastened in neuropathic 
feet since ischemic rest pain may go unnoticed.'?”!”8 Proximal ath- 
erosclerotic vascular insufficiency undoubtedly delays healing of 
neuropathic foot ulcers." However, the neuropathic ulcerated foot 
is characteristically warm, with easily palpable pulses, mitigating 
against an important large-vessel ischemic component.'?”-!”° 
Doppler flow studies confirm that blood flow to the neuropathic 
foot is generally increased, and suggest that this increased flow re- 
sults from abnormal local arteriovenous shunting.'?”!"* The role of 
increased arteriovenous shunting in the pathogenesis of both com- 
plications of the diabetic foot, and recently in the development of 
peripheral neuropathy itself, remains speculative. Increased AV 
shunting in the foot with diabetic neuropathy is thought to reflect 
loss of the tonic sympathetic vascular innervation, and there has 
been debate whether this shunting may precipitate a skin-nutritive 
capillary steal phenomenon that leads to poor ulcer healing." 
There is little evidence to support such a steal phenomenon, be- 
cause capillaries are normal in number and patent in diabetic sub- 
jects with advanced neuropathy.'?”"'** Likewise, an increase in the 
number of arteriovenous shunts has been directly observed in 
human sural nerve, but their functional significance in the develop- 
ment of endoneurial ischemia is unclear.'?’-!”° 

Prophylactic treatment of diabetic foot ulcers is accomplished 
through reinforcement of foot care education in patients with distal 
symmetric polyneuropathy, identification of abnormal weight bear- 
ing and/or callus formation before ulceration occurs, and prescrip- 
tion of appropriate behavioral and mechanical measures to reduce 
weight bearing,?™ 18230 This would include weight reduction, de- 
creased weight-bearing activity, the use of a cane or cushioned 
shoes, and specific orthotic devices and inserts to distribute neces- 
sary weight bearing in a less threatening fashion.?™! "10 Once ul- 
cers have occurred, the treatment of diabetic foot ulcers is removal 
of the traumatic elements that contributed to the ulcer formation.'*! 
Readjustment of weight bearing with appropriate orthopedic de- 
vices is essential. In some cases, partial or complete elimination of 
weight bearing is required through decreased ambulation, support 
with a cane or crutches, use of a wheelchair, or enforced bed 
rest. 0-13? When callus protrusions further disturb weight bearing, 
then appropriate debridement, trimming, and abrasion are indi- 
cated.'*' The application of a walking cast that transfers weight 
bearing to the upper leg is sometimes helpful; however, the cast 
must be removed and the leg examined for abrasions or ulcerations 
at the site to which weight bearing has been shifted.'*? Complicat- 
ing infection should be treated with antibiotics, including a drug di- 
rected against anaerobic bacteria that may be difficult to culture 
from an open wound.'” In refractory cases, removal of the offend- 
ing metatarsal head, sometimes together with amputation of the 
toe, may be necessary (see Chap. 51).'** 


Neuroarthropathy (Charcot’s Joint) 

Neuroarthropathy can occur in any nervous system disease that 
leaves motor function relatively intact but impairs sensation. The pri- 
macy of nociceptive impairment in the pathogenesis of neuro- 
arthropathy is supported by its reported occurrence in the “congenital 
indifference to pain syndrome,” where motor and proprioceptive 
function remain intact. The nociceptive impairment also explains the 
almost complete absence of pain in many cases of diabetic neuro- 
arthropathy.'**!*° Tabetic neuroarthropathy classically involves the 
large weight-bearing joints, while diabetic neuroarthropathy 


primarily involves distal joints of the foot (tarsal-metatarsal or 
metatarsal-phalangeal) or the ankle.'** The presentation of recent- 
onset diabetic neuroarthropathy is usually one of painless swelling 
and redness of the foot in the absence of fever or leukocytosis, but in 
the presence of clearly demonstrable distal symmetric sensory deficit 
and evidence of peripheral autonomic nerve failure.** The differen- 
tial diagnosis is usually cellulitis or osteomyelitis, depending on the 
extent of radiographic bony destruction. 

Unhealed painless fractures are often evident radiographically, 
and a recent history of painless trauma is frequently but not always 
elicited. In later stages, the disorder presents as gross architectural 
distortion of the foot, with shortening and widening of the joint. In 
its most advanced stage, there are multiple painless fractures accom- 
panied by extensive bone demineralization and reabsorption, so that 
the foot appears to the examiner as “a bag of bones.”**:'4 As with 
other forms of neuroarthropathy, the pathogenetic mechanism is 
presumed to be multiple recurrent traumatic insults to the joint and 
surrounding bony structures that are not noticed by the patient be- 
cause of insensitivity to pain.'*” Increased bone blood flow due to 
arteriovenous shunting may also serve to weaken the bone, predis- 
posing the foot to fractures.'”’ Prophylactic measures include rein- 
forced education in patients with diminished pain and propriocep- 
tive sensation, especially the avoidance of prolonged weight 
bearing, the wearing of cushioned shoes, avoidance of strenuous 
weight-bearing exercise or athletic activities, and ambulating only 
over well-lighted smooth terrain in well-fitting footwear.”!"'*° Ther- 
apy is directed at removal of continued trauma by removing the in- 
volved extremity from weight bearing, either by decreasing ambula- 
tion or by providing other means of weight bearing, for example, a 
cane, crutches, or a wheelchair. “8 11 


Treatment of Neuropathy 


Initial treatment strategies in diabetic neuropathy consist of opti- 
mal glucose control and foot care. Before the DCCT, the scientific 
rationale for these therapeutic strategies was based on studies in 
animal models of diabetes and epidemiologic reports. The DCCT 
provided direct evidence that optimal glucose control in insulin- 
dependent diabetic patients can decrease neuropathy frequency, 
with a reported 60% reduction in the incidence of clinical neuropa- 
thy in the combined primary- and secondary-prevention cohorts. '*° 
Similar results are reported in the Stockholm Diabetes Intervention 
Study, where intensive insulin treatment of diabetic patients pre- 
served nerve conduction velocities when compared to conventional 
treatment.” Optimal glucose control must occur in the setting of 
rigorous foot care. On a nightly basis, patients are required to care- 
fully inspect their feet for the presence of dry or cracking skin, fis- 
sures, plantar callus formation, and signs of early infection in be- 
tween the toes and the toenails. 

A stepwise, systematic treatment plan constitutes the best ap- 
proach to a patient with painful diabetic neuropathy'*' and has 
recently been reviewed in detail." Categorization of painful symp- 
toms by duration and potential precipitating causes provides help- 
ful prognostic indicators. Patients with symptoms of less than 
6 months’ duration associated with alterations in glycemic control 
have a good prognosis when compared to patients with chronic 
symptoms lasting longer than 6 months.”*'*! Table 45-5 lists cur- 
rently available drugs reported to have therapeutic benefits in the 
treatment of diabetic neuropathy. Nonsteroidal anti-inflammatory 
drugs can offer pain relief, especially in patients with muscu- 
loskeletal or joint abnormalities secondary to long-standing neu- 
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TABLE 45-5. Drugs Used in the Treatment of Painful 
Diabetic Neuropathy 


1. Nonsteroidal Drugs 
Ibuprofen 600 mg four times a day 
Sulindac 200 mg twice a day 

2. Antidepressant Drugs 
Amitriptyline 50-150 mg at night 
Nortriptyline 50-150 mg at night 
Imipramine 100 mg daily 
Paroxetine 40 mg daily 
Trazadone 50-150 mg three times a day 

3. Antiepileptic Drugs 
Gabapentin 600-1200 mg three times a day 
Carbamazepine 200 mg four times a day 

+. Others 
Tramadol 50-100 mg twice a day 
Mexiletine 150-450 mg daily 
Capsacin 0.075% four times a day 
Transcutaneous electrical nerve stimulation (TENS) 


ropathy. In this group of patients, joint deformities may actually be 
the primary source of pain. A double-blind placebo-controlled 
fixed-dose study revealed that both ibuprofen (600 mg four times 
daily) and sulindac (200 mg twice daily) brought substantial pain 
relief in patients with diabetic neuropathy." 

The tricyclic antidepressants are the most commonly used 
drugs in the treatment of painful neuropathy. They act by blocking 
the re-uptake of norepinephrine and serotonin, potentiating the 
inhibitory effect of these neurotransmitters on nociceptive path- 
ways.” Double-blind, placebo-controlled trials have reported that 
both amitriptyline'*”'*' and imipramine'**'™ relieve neuropathic 
pain. After 6 weeks of amitriptyline treatment, patients report 
significant pain relief, independent of mood but correlating with 
increasing drug dosage.'™ The side effects of amitriptyline, sec- 
ondary to its strong anticholinergic properties, include sedation, 
urinary retention, orthostatic hypotension, and cardiac arrhyth- 
mias. If side effects become intolerable, nortriptyline, which is less 
sedating, can be substituted for amitriptyline.'** Urinary retention 
may occur with either amitriptyline or nortriptyline, mandating a 
change to imipramine therapy. Two double-blind crossover studies 
have independently reported that imipramine improves neuropathic 
pain and nocturnal exacerbation of symptoms, 4?! Additional 
support for the use of tricyclics for the treatment of neuropathic 
pain is provided by a recent meta-analysis of 21 trials.'** In pa- 
tients with a significant cardiac history. amitriptyline or nortripty- 
line is contraindicated and therapeutic regimens include either dox- 
epin, the least cardiotoxic tricyclic antidepressant, or desipramine. 
The topical cream capsaicin can be added to the patient’s therapeu- 
tic regimen if neuropathic pain persists in spite of treatment with 
maximally tolerated doses of antidepressant medication.'** In an 
outpatient setting, approximately two-thirds of diabetic patients 
treated with a combination of antidepressant medication and cap- 
saicin cream experience substantial relief of neuropathic pain. 

Serotonin reuptake inhibitors may also alleviate neuropathic 
pain, but the evidence for this is less convincing than that for tri- 
cyclic antidepressants. In a randomized, double-blind, crossover 
study, paroxetine 40 mg per day reduced neuropathic symptoms 
compared to placebo.'*” Fluoxetine (40 mg per day) was no more 
effective than placebo except in diabetic patients with depression 
superimposed on neuropathy in a double-blind, placebo-controlled 
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study. '** Open-label sertraline and trazodone are often used empir- 
ically, suggesting the possibility that these drugs may have some 
efficacy in treating painful diabetic neuropathy, but there are no 
controlled studies.'"7!°° 

The anticonvulsant gabapentin has recently emerged as the 
therapy of choice for many clinicians.'*' Gabapentin is more effec- 
tive than placebo when used in doses ranging from 900-3600 mg 
per day,'°? although the lower end of this dosage range (900 mg) 
may be relatively ineffective.'** Side effects of gabapentin therapy 
include dizziness, somnolence, headache, diarrhea, confusion, and 
nausea. A randomized double-blind study comparing the efficacy 
of gabapentin with amitriptyline found that both drugs provided 
equal pain relief with no difference between mean pain score and 
global pain score.'™ 

In patients who experience continued pain on combination 
therapy (i.e., a tricyclic or gabapentin with capsaicin), carba- 
mazepine can be considered and added as a third drug.'9*!*° Dizzi- 
ness, nausea, and a truncal skin rash are the common side effects of 
this drug, although reports of leukopenia mandate that a patient 
have a complete blood count with differential weekly for the first 
month, and monthly for the next 3 months upon beginning carba- 
mazepine therapy.'*’ Phenytoin has been used as an alternative 
to carbamazepine,’ although a double-blind, crossover study re- 
ported that phenytoin provides no significant relief of neuropathic 
pain in patients with diabetic neuropathy.'* In patients who expe- 
rience continued pain on antidepressant medication or gabapentin, 
capsaicin cream, and carbamazepine, the carbamazepine can be 
discontinued and a different third drug added to the therapeutic 
regimen. Choices include oral mexiletine or intravenous lidocaine, 
both of which are reported to improve neuropathic pain,'°!®! but 
use of these agents requires clearance from a cardiologist and, in 
the case of lidocaine, an inpatient hospitalization with cardiac 
monitoring. Levodopa, gamma-linolenic acid, and dextromethor- 
phan also have reported efficacy.'” If neuropathic pain persists de- 
spite the outlined treatment regimen, addition of a transcutaneous 
electrical nerve stimulation (TENS) unit, acupuncture, or a series 
of local nerve blocks may be helpful, although the prognosis for 
pain relief in these patients is poor. 
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Diabetic neuropathy is the most common and troublesome compli- 
cation of diabetes mellitus, leading to great morbidity and mortal- 
ity and an increase in the economic burden of public health.’ Dia- 
betic neuropathy is a heterogeneous disorder that encompasses a 
wide range of abnormalities affecting both proximal and distal, pe- 
ripheral sensory and motor, and autonomic nervous systems 
(ANS). The ANS supplies all organs in the body and consists of an 
afferent and an efferent system, with long efferents in the vagus 
(cholinergic) and short postganglionic unmyelinated fibers in the 
sympathetic system (adrenergic). A third component is the neu- 
ropeptidergic system, with its neurotransmitters substance P (SP), 
vasoactive intestinal polypeptide (VIP), calcitonin gene-related 
peptide (CGRP), and others. 

Diabetic autonomic neuropathy (DAN) can cause dysfunction 
of every part of the body. “Know DAN and you know the whole of 
medicine.” DAN often goes completely unrecognized by patient 
and physician alike because of its insidious onset and protean mul- 
tiple organ involvement. Alternatively, the appearance of complex 
and confusing symptoms in a single organ system due to DAN may 
cause profound symptoms and receive intense diagnostic and ther- 
apeutic attention. Subclinical involvement may be widespread, 
whereas clinical symptoms and signs may be focused within a sin- 
gle organ. Tests of autonomic function generally stimulate entire 
reflex pathways. Furthermore, autonomic control for each organ 
system is usually divided between opposing sympathetic and 
parasympathetic innervation, so that heart rate acceleration, for ex- 
ample, may reflect either decreased parasympathetic or increased 
sympathetic nervous system stimulation. The organ systems that 
most often exhibit prominent clinical autonomic signs and symp- 
toms in diabetes include the ocular pupil, sweat glands, genitouri- 
nary system, gastrointestinal tract system, adrenal medullary sys- 
tem, and cardiovascular system (Table 46-1). 

ANS disturbances may be functional, e.g., gastroparesis with 
hyperglycemia and ketoacidosis, or organic, in which nerve fibers 
are actually lost. This creates inordinate difficulties in diagnosing, 
treating and prognosticating as well as establishing true preva- 
lence rates. 


TABLE 46-1. Clinical manifestations and differential diagnosis of 


autonomic neuropathy 
Clinical Manifestations 


Cardiovascular 
Tachycardia. exercise intol- 
erance 
Cardiac denervation 
Orthostatic hypotension 


Gastrointestinal 
Esophageal dysfunction 
Gastroparesis diabeticorum 
Diarthea 
Constipation 
Fecal incontinence 


Genitourinary 
Erectile dysfunction 
Retrograde ejaculation 
Cystopathy 
Neurogenic bladder 
Neurovascular 
Heat intolerance 
Gustatory sweating 
Dry skin 
Impaired skin blood flow 
Metabolic 
Hypoglycemia unawareness 
Hypoglycemia unrespon- 
siveness 
Hypoglycemia associated 
autonomic failure 
Pupillary 
Decreased diameter of dark 
adapted pupil 


Argyll-Robertson type pupil 


Differential Diagnosis 


Cardiovascular disorders 
Idiopathic orthostatic hypotension 
Shy-Drager syndrome 
Panhypopituitarism 
Pheochromocytoma 
Hypovolemia 
Congestive heart disease 
Carcinoid syndrome 

Gastrointestinal disorders 
Obstruction 
Bezoars 
Secretory diarrhea (endocrine tumors) 
Biliary disease 
Psychogenic vomiting 
Medications 

Genitourinary 
Genital and pelvic surgery 
Atherosclerotic vascular disease 
Medications 
Alcohol abuse 

Other causes of neurovascular 

dysfunction 
Chagas disease 
Amyloidosis 
Arsenic 


Pupillary 
Syphilis 
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PREVALENCE 


The main subgroups of autonomic disturbances recognized in dia- 
betes mellitus are (1) subclinical DAN, determined by abnormali- 
ties in quantative autonomic function tests; and (2) clinical DAN, 
which presents with symptoms or signs. There are few studies on 
the prevalence of the two types. The reported prevalence of DAN 
varies, depending on whether the studies have been carried out in 
the community, clinic, or a tertiary referral center. This variance 
also reflects the type and number of tests performed and the pres- 
ence or absence of signs and symptoms of autonomic neuropathy. 
Most patients who develop signs of DAN do not become sympto- 
matic. Symptomatic autonomic neuropathy is rare and presents in 
less than 5% of diabetic patients, except for impotence (5-50%). 
Clinical symptoms of DAN generally do not occur until long after 
the onset of diabetes. However, subclinical autonomic dysfunction 
can occur within a year of diagnosis in type 2 diabetic (T2DM) pa- 
tients and within 2 years in type | diabetic (TI1DM) patients.” 

In the population-based Oxford Community Diabetes Study, 
20.9% of TIDM and 15.8% of T2DM individuals had abnormal re- 
sults in one or more of three autonomic function tests.” In a clinic- 
based study, cardiac autonomic neuropathy was present in 8-22% 
of TIDM and T2DM patients on screening.* The prevalence of au- 
tonomic neuropathy was 47% in the EURODIAB IDDM Compli- 
cations Study.° 

The major confirmed risk factors are age, duration of diabetes, 
poor metabolic control, and the presence of retinopathy, nephropa- 
thy, and cardiovascular disease. Autonomic neuropathy also in- 
volves severe hypoglycemia and severe ketoacidosis.*® 

Complications affecting the autonomic nervous system con- 
tribute greatly to the morbidity, mortality, reduced quality of life, 
and activities of daily living of the person with diabetes. They 
are also major sources of increased cost of caring for the dia- 
betic patient. Among the most troublesome and dangerous of 
these conditions that are linked to autonomic neuropathy are (1) 
myocardial ischemia including silent myocardial infarction; (2) 
cardiac arrhythmias; (3) foot ulceration, gangrene, and amputa- 
tion; (4) nephropathy; and (5) erectile dysfunction. Parasympa- 
thetic nerve dysfunction in T2DM patients is associated with fea- 
tures of the metabolic insulin resistance syndrome, a common 
risk factor for cardiovascular morbidity and mortality. Patients 
with parasympathetic neuropathy have elevated fasting C-peptide 
and triglyceride levels and lowered high-density lipoprotein 
(HDL) cholesterol levels.’ Basal hyperinsulinemia is associated 
with the development of parasympathetic autonomic neuropathy 
in T2DM. Basal proinsulin and C peptide are also associated 
with autonomic nerve dysfunction.” 

The presence of symptomatic autonomic dysfunction is life- 
threatening, with estimates of mortality ranging from 25 to 50% 
within 5-10 years of diagnosis; mortality estimates on meta-analy- 
sis of nine studies averaged 27% in 2-5 years.” '* The 5-year mor- 
tality rate of patients with DAN is three times higher than that in di- 
abetic patients without autonomic involvement.’* 


PATHOGENESIS 


The pathogenesis of autonomic neuropathy is incompletely under- 
stood. There are metabolic, microvascular, and autoimmune theo- 
ries (see Chap. 44). Persistent hyperglycemia resulting in activa- 
tion of the polyol pathway and tissue accumulation of sorbitol, 


fructose, and deficiency of myoinositol, disturbed phosphoinosi- 
tide metabolism with consequent decreased nerve Na*/K*-ATPase 
activity, increased nonenzymatic glycation, decreased nitric oxide 
(NO) production leading to impaired endothelium-dependent va- 
sodilation, and finally deficiency in neurotrophic factors have all 
been proposed as pathogenetic mechanisms for DAN.'*'® 

Although there is increasing evidence that the pathogenesis of 
DAN involves several mechanisms, the prevailing theory impli- 
cates persistent hyperglycemia as the primary factor within the 
metabolic hypothesis.'’ Persistent hyperglycemia increases polyol 
pathway activity, with accumulation of sorbitol and fructose in 
nerves, damaging them by an as yet unknown mechanism. This is 
accompanied by decreased myoinositol uptake and inhibition of 
the Na*/K* ATPase, resulting in Na* retention, edema, axoglial dis- 
junction, and nerve degeneration. Microvascular dysfunction with 
local ischemia leading to nerve fiber death has been proposed, as 
well as pseudohypoxia with oxidative stress.'*'? An immunologic 
mechanism has also been suggested in the etiology of DAN. Au- 
toantibodies to vagus nerve, sympathetic ganglia, and adrenal 
medulla are higher in patients with severe symptomatic DAN. 
Complement-fixing autoantibodies to the vagus nerve, sympathetic 
ganglion, and adrenal medulla are present in 13.2~30.7% of pa- 
tients with TIDM.”° These autoantibodies have been shown to 
cause apoptosis of adrenergic neurons in culture.” =” Antibodies to 
nerve growth factor (NGF) (important for viability of sympathetic 
and neuropeptidergic integrity) have been reported in patients with 
iritis and gastroparesis.~“ 


DIFFERENTIAL DIAGNOSIS 


The differential diagnosis of DAN depends on the systems in- 
volved but generally includes idiopathic orthostatic hypotension, 
Shy-Drager syndrome, multiple system atrophy, panhypopitu- 
itarism, pheochromocytoma, carcinoid syndrome, neuroendocrine 
tumors, hypovolemia, medications (insulin, vasodilators, and sym- 
pathetic blockers), orthostatic hypotension caused by alcoholic 
neuropathy, congestive heart failure, Chagas’ disease in Latin 
America, the familial forms of amyloidosis in people of Mediter- 
ranean origin, and the Argyll-Robertson pupil of syphilis. Specific 
organ involvement requires consideration of causes within each 
organ system (Table 46-1). 


CARDIOVASCULAR AUTONOMIC NEUROPATHY 


Cardiovascular autonomic neuropathy (CAN) is a common form of 
autonomic neuropathy, embracing abnormalities in heart rate con- 
trol, and central and peripheral vascular dynamics.” =?’ Parasympa- 
thetic activation slows the heart rate, whereas sympathetic activa- 
tion is both inotrophic and chronotrophic. Sympathetic stimulation 
of the vasculature tree increases blood pressure, whereas parasym- 
pathetic control of the vasculature has only minor effects. Thus, 
early parasympathetic damage results in resting tachycardia and 
with the advent of sympathetic damage heart rate slows but not 
back to normal. Orthostasis may develop and impaired ventricular 
function occurs. 

The prevalence rate of borderline or definite CAN is 8.5 or 
16.8% among T1 DM patients and 12.2 or 22.1% in T2DM patients 
attending a general clinic.* In the Diabetes Control and Complica- 
tions Trial (DCCT) cohort of young T1DM patients free of compli- 


Chapter 46 


cations, the baseline prevalences of abnormal cardiovascular tests 
‘RR variation and Valsalva ratio) were 1.6% and 6.2%, respectively 
in the primary prevention cohort, and 6.3% and 5.5%, respectively 
in the secondary intervention cohort.””*° Surveys of clinical en- 
docrine/diabetes practices that include patients with long-standing 
diabetes have found >40% abnormalities in heart rate variability 
‘HRV).?! Thus, the prevalence varies with the measurements, the 
device used and the population being studied. 

CAN has been linked to postural hypotension, exercise intoler- 
ance, enhanced intraoperative cardiovascular lability, increased in- 
cidence of silent ischemia, myocardial infarction, and decreased 
rate of survival after myocardial infarction.*”** CAN cosegregates 
with impaired vibration perception and higher urinary albumin ex- 
cretion in TLDM patients. However, in T2DM patients, it is associ- 
ated with higher body mass index, systolic blood pressure, urinary 
albumin excretion, and basal insulin levels, i.e., all features of the 
metabolic syndrome." 

Cardiac sympathetic denervation is greater in T2DM than in 
T1DM patients.*° In both normal subjects and diabetic patients, re- 
duced autonomic function, measured as loss of HRV, is associated 
with a high risk of future coronary heart disease predicted either 
from conventional coronary risk factors or from exercise test pa- 
rameters.” There are links among DAN, higher nocturnal blood 
pressure levels, increased left ventricular mass, and higher cardio- 
vascular mortality rate. The medical consequences of CAN in dia- 
betes are dramatic: a meta-analysis of 11 studies of CAN among 
diabetic patients concluded that whereas patients with diabetes 
without this complication have a mortality of 5% within 5.5 years, 
mortality among patients with CAN (as determined by abnormal 
HRV tests) jumps to 27% in that time period.** Cardiovascular 
mortality is increased in diabetic patients with autonomic neuropa- 
thy independent of conventional risk factors and glycemia.” Auto- 
nomic neuropathy is also an independent risk factor for stroke in 
T2DM patients.*° 


Cardiovascular Symptoms and Signs 


In early CAN there is resting tachycardia and loss of beat-to-beat 
variation in heart rate with deep breathing.” A fixed heart rate un- 
responsive to mild exercise in diabetic patients indicates nearly 
complete cardiac denervation. Autonomic neuropathy most com- 
monly involves the cardiovascular system, leading to a reduced 
cardiac ejection fraction and systolic dysfunction, as well as de- 
creased diastolic filling.°"? The presence of both asymptomatic 
and symptomatic coronary artery disease (CAD) is increased in di- 
abetic patients, and subclinical neuropathy is an important cause of 
silent ischemia in patients with diabetes.**** Indeed. painless is- 
chemia is significantly more frequent in patients with, than in those 
without, autonomic neuropathy (38% vs. 5%). Diabetic autonomic 
dysfunction affecting cardiac efferent sympathetic signals is an im- 
portant determinant of impaired coronary blood flow during in- 
creased sympathetic stimulation. Diabetic patients with evidence 
of cardiac sympathetic nerve dysfunction have impaired sympa- 
thetically mediated dilation of coronary resistance vessels. This va- 
somotor abnormality develops early in the course of DAN, and its 
severity is related to the degree of cardiac sympathetic nerve dys- 
function.” 

In nondiabetic patients, acute myocardial infarction has a cir- 
cadian variation, with a significant morning peak. The characteris- 
tic diurnal variation in the onset of myocardial infarction is altered 
in diabetic patients, demonstrating a lower moming peak and a 
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higher percentage of infarction during evening hours. The blunted 
moming surge of incidence of myocardial infarction results from 
altered sympathovagal balance in patients with CAN.*°*” Chest 
pain in any location in a patient with diabetes should be considered 
of myocardial origin until proved otherwise. Moreover, unex- 
plained fatigue, confusion, tiredness, edema, hemoptysis, nausea 
and vomiting, diaphoresis, arrhythmias, cough, or dyspnea should 
alert one to a possible silent myocardial infarct. 

Prolongation of the QT interval has been suggested as a diag- 
nostic test of DAN and as a prognostic marker of cardiovascular 
disease." The EURODIAB Type 1 Diabetes Complications Study 
found that the prevalence of abnormally prolonged corrected QT is 
16% in the diabetic population as a whole, 11% in males and 21% 
in females.** Prolonged QTc interval and QT dispersion (the differ- 
ence between the longest and shortest QT interval) are indicative of 
an imbalance between right and left sympathetic innervation. Dia- 
betic patients with regional sympathetic imbalance and QTc inter- 
val prolongation also may be at greater risk for arrhythmias. Pro- 
longed QT intervals indicate an increased risk of sudden death 
from autonomic neuropathy, diabetic nephropathy, and coronary 
heart disease. 5? 

Regional myocardial autonomic denervation and altered vas- 
cular responsiveness in DAN may predispose to malignant arrhyth- 
mogenesis and sudden cardiac death. In the resting state, the my- 
ocardium is well perfused in subjects with DAN, and thus 
circulatory deficiencies should not exacerbate arrhythmogenesis 
under resting conditions. During stress, relative regional ischemia 
in sympathetically innervated regions with diminished parasympa- 
thetic protection may be highly arrhythmogenic.*" In diabetes, 
excess cardiac death is related to sympathetic hyperactivity or im- 
balance because these patients experience proportionally greater 
cardioprotection from beta blockade, with mortality after infarction 
being decreased by =63%.**** 


Cardiac Function Testing of the Autonomic 
Nervous System 


The ANS is usually tested by evaluating reflex arcs that involve a 
stimulus, a receptor, an afferent nerve, central processing, an effer- 
ent nerve and an end-organ response.” The ideal test must be sim- 
ple, specific, noninvasive, and easy to perform and undergo, be sen- 
sitive, yield reproducible results, suitable for long-term evaluation. 
The San Antonio Conference concluded that noninvasive tests of 
ANS function are suitable for routine screening for autonomic dys- 
function or for monitoring the progress of autonomic neuropathy.” 
A series of simple noninvasive tests is capable of detecting CAN: 
resting heart rate, beat-to-beat HRV, Valsalva maneuver, heart rate 
response to standing, systolic blood pressure response to standing, 
diastolic blood pressure rise with sustained exercise, and QT inter- 
val on ECG (Table 46-2). Reduced 24-hour HRV, a newer measure 
of cardiac autonomic function, is believed to be a more sensitive 
measure of cardiac autonomic function that is able to detect dys- 
function earlier than standard reflex tests.*’ The abnormal HRV test 
alone may be useful in diagnosing early-stage autonomic dysfunc- 
tion. However, with better control of all the variables, an abnormal 
Valsalva response is more sensitive and reproducible.*! Combining 
these with the standing test 30:15 ratio provides greater sensitivity 
and reveals a higher number of abnormalities. 

Absent HRV secondary to DAN is predictive of both left ven- 
tricular failure and increased mortality.” Thus, due to the large 
percentage of diabetic patients with CAN complications, HRV 
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TABLE 46-2. Diagnostic tests of cardiovascular autonomic neuropathy 


TEST METHOD/PARAMETERS 


Resting heart rate 
Beat-to-beat heart rate Variation* 


>100 beats/min is abnormal. 
With the patient at rest and supine (no overnight coffee or hypoglycemic episodes), breathing 6 


breaths/min, heart rate monitored by EKG or ANSCORE device, a difference in heart rate of 
>15 beats/min is normal and <10 beats/min is abnormal, R-R inspiration/R-R expiration > 1.17. 
All indices of HRV are age-dependent**. 


Heart rate response to Standing* 


During continuous EKG monitoring, the R-R interval is measured at beats 15 and 30 after standing. 


Normally, a tachycardia is followed by reflex bradycardia. The 30:15 ratio is normally >1.03. 


Heart rate response to Valsalva maneuver” 


The subject forcibly exhales into the mouthpiece of a manometer to 40 mmHg for 15 s during EKG 


monitoring. Healthy subjects develop tachycardia and peripheral vasoconstriction during strain 
and an overshoot bradycardia and rise in blood pressure with release. The ratio of longest R-R 
shortest R-R should be > 1.2. 


Systolic blood pressure response to standing 


Systolic blood pressure is measured in the supine subject. The patient stands and the systolic blood 


pressure is measured after 2 min. Normal response is a fall of <10 mmHg, borderline is a fall of 
10-29 mmHg, and abnormal is a fall of >30 mmHg with symptoms. 

Diastolic blood pressure response to isometric exercise The subject squeezes a handgrip dynamometer to establish a maximum. Grip is then squeezed at 
30% maximum for 5 min. The normal response for diastolic blood pressure is a rise of >16 
mmHg in the other arm. 


EKG QT/QTc intervals 


The QTc should be <440 ms. 


VLF peak | (sympathetic dysfunction) 


Spectral analysis 


LF peak L (sympathetic dysfunction) 
HF peak (parasympathetic dysfunction) 


LH/HF ratio | (sympathetic imbalance) 


Neurovascular flow 


Using noninvasive laser Doppler measures of peripheral sympathetic responses to nociception. 


* These can now be performed quickly (<15 min) in the practitioners office, with a central reference laboratory providing quality control and normative values. (ANSCORE) 


Boston Medical Technologies. 


testing is a very powerful and useful tool for identifying patients at 
substantial risk of morbidity and mortality. It is also a sensitive, al- 
though not specific, indicator of painless myocardial ischemia. In 
summary, measuring HRV appears to be an effective means of 
identifying patients at risk for asymptomatic ischemia and in- 
farction so that treatment may be instituted before a cardiac event 
occurs. 

A 24-hour recording of HRV gives insights into abnormal pat- 
terns of circadian rhythms regulated by sympathovagal activity. In 
frequency domain analysis, very low-frequency (VLF) heart rate 
fluctuations are thought to be mediated by the sympathetic system; 
the low-frequency (LF) heart rate fluctuations are under sympa- 
thetic control with vagal modulation; and the high-frequency (HF) 
fluctuations are under parasympathetic control. The balance be- 
tween the sympathetic and parasympathetic components of auto- 
nomic nerve function can be assessed with the LF:HF ratio. The 
HF component is reduced in diabetic patients with vagal dysfunc- 
tion. In diabetic patients with sympathetic dysfunction, the VLF 
and LF components are reduced. The VLF, LF, and HF compo- 
nents, as well as the LF:HF ratio, have been demonstrated to be re- 
duced in diabetic patients with advanced stages of CAN.*® 

Sympathetic innervation of the heart can be visualized and 
quantified by single-photon emission computed tomography 
(SPECT) with I'?? meta-iodobenzylguanidine (MIBG). MIBG is 
an analog of norepinephrine that shares the same uptake and stor- 
age mechanism. MIBG imaging is a valuable tool for the detection 
of early alterations in myocardial sympathetic innervation in dia- 
betic patients. Diabetic CAN has been directly characterized by re- 
duced or absent myocardial MIBG uptake.*°™ The regional car- 
diac sympathetic dysinnervation is mainly in the posterior 
myocardial region compared with the lateral and apical region, im- 
plying a predisposition to arrhythmogenicity.°’ Furthermore, alter- 


ations of the sympathetic myocardial innervation are related to sub- 
clinical left ventricular dysfunction observed in a large proportion 
of patients with long-standing TIDM.® The sympathetic innerva- 
tion of the heart can also be visualized with positron emission 
(PET) imaging using carbon-11 hydroxyephedrine. Defects in car- 
bon-11 hydroxyephedrine uptake have been correlated with CAN 
and impaired vasodilator response of coronary resistance ves- 
sels.4>-° 


Treatment 


The DCCT group has shown without question the importance of at- 
tention to intensive insulin therapy in preventing the onset and pro- 
gression of diabetic complications. The DCCT demonstrated that 
DAN was reduced by 53% in patients with intensive glycemic con- 
trol. Intensive therapy caused a significant risk reduction in auto- 
nomic nerve abnormalities (4 vs. 9%) in the Primary Prevention 
Group.” Furthermore, Burger and colleague™ showed the effect of 
strict glycemic contro! on HRV in TIDM patients with CAN. The 
response to improved glycemic control is dependent on the degree 
of autonomic dysfunction at the time when therapy is begun. In pa- 
tients with early CAN, reversibility is evident by power spectral 
analysis of HRV as early as 1 year after institution of strict con- 
trol. 

A randomized clinical trial in Japanese patients with T2DM 
showed that attainment of near-normal glycemia with intensive in- 
sulin therapy resulted in improvements in both postural hypoten- 
sion and the coefficient of variation of R-R.™ Defects in left ven- 
tricular sympathetic innervation can regress in diabetic subjects 
achieving good glycemic control. The stepwise implementation 
of intensified multifactorial treatment slowed the progression to au- 
tonomic neuropathy in patients with T2DM and microalbumin- 
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Evaluate Diastolic Blood Pressure | —> No STS C —> | Evaluate Vestibular System 


impaired Vascular Sympathetic Nervous 
System 


FIGURE 46-1. The evaluation of postural dizziness. 


uria.” Angiotensin-converting enzyme (ACE) inhibition restores 
HRV toward normal in those with mild abnormalities. Quinapril in- 
creases parasympathetic activity in patients with DAN. Therapies 
with ACE inhibitors increase vagal tone and decrease sympathetic 
tone. This may in part explain the salutary effect in the Heart Out- 
comes Prevention Evaluation (HOPE) and microHOPE trials, in 
which the decrease in blood pressure was only 3/2 mmHg.” In 
addition, a survey of evidence from clinical trials shows that early 
identification of autonomic neuropathy permits timely initiation of 
therapy with the powerful antioxidant a-lipoic acid, which slows or 
reverses progression of CAN.”! 

The progression of DAN may also be reversed by pharmaco- 
logic intervention with aldose reductase inhibitors.’” There is a ben- 
eficial effect of low-grade endurance training on HRV in the early 
stages of diabetic CAN.’? Combined treatment with C peptide and 
insulin may improve respiratory HRV in patients with T1 DM.” The 
cardioselective and lipophilic beta blockers might modulate the ef- 
fects of autonomic dysfunction in diabetes (either peripherally by 
opposing the sympathetic stimulus or by a central acting mecha- 
nism) and thereby restore parasympathetic/sympathetic balance.” 


ORTHOSTATIC HYPOTENSION 


Abnormal blood pressure segulation commonly accompanies au- 
tonomic neuropathy. The normal nighttime drop in blood pres- 
sure is reduced in patients with autonomic neuropathy. Orthosta- 
tic hypotension, another sign of autonomic neuropathy, is a fall 


Supraphysiologic 
Response 


Decrease Circulatory 
Volume 


in systolic blood pressure of (30> mmHg upon standing due to 
damaged vasoconstrictor fibers, as well as impaired baroreceptor 
function and poor cardiovascular reactivity. This sign is accom- 
panied by symptoms of dizziness, weakness, faintness, visual 
impairment, pain in the back of the head, and loss of conscious- 
ness (Fig. 46-1). 

Two pathophysiologic states cause orthostatic hypotension: 
autonomic insufficiency and intravascular volume depletion. Phys- 
ical examination and history should easily rule out volume deple- 
tion states. An important point is the exclusion of contributing fac- 
tors that may be aggravating or unmasking the orthostatic 
hypotension of DAN. Prominent among these are volume depletion 
secondary to diuretics, excessive sweating, diarrhea, or polyuria. 
Other problems occur with antihypertensive medications, beta 
blockers, tricyclic antidepressants, and phenothiazines. Beta block- 
ers impair heart rate responses, and the last two act through their a- 
adrenergic blocking properties to impair vasoconstriction. 


Diagnosis 

There are, however, a group of patients with contracted red cell 
mass who are not clinically dehydrated and who have orthostatic 
tachycardia.” They may develop modest tachycardia without a fall 
in pressure and have an exaggerated norepinephrine response.” 
They do respond to erythropoietin. ”® Of particular relevance is the 
observation that many people with this symptom complex become 
hypotensive with eating or within 10-15 minutes of taking their 
insulin injection. The symptoms, which are not unlike those of hy- 
poglycemia, are often incorrectly ascribed to the hypoglycemic 
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action of insulin, but they occur too early and are actually due to a 
fall in blood pressure. This may be mediated by mild intravascular 
depletion secondary to increased capillary permeability caused by 
insulin or by its direct effect on the vasodilation of resistance ves- 
sels. Insulin may directly stimulate endothelial release of NO, a po- 
tent vasodilator, and may sensitize smooth muscle to the relaxant 
effects of prostacyclin and NO, thereby causing vasodilation unop- 
posed by the action of norepinephrine.”* Both an impaired vagal 
heart rate control and sympathetic nervous dysfunction exaggerate 
the hemodynamic effects of insulin in patients with diabetes, con- 
tributing to insulin-induced hypotension, which therefore tends 
only to occur with advanced autonomic neuropathy.” 


Treatment 

Orthostatic hypotension in the patient with DAN can present a 
difficult management problem. Elevating the blood pressure in the 
Standing position must be balanced against preventing hyperten- 
sion in the supine position. Whenever possible, attempts should be 
made to increase venous return from the periphery using total body 
stockings. Patients should be instructed to put them on while lying 
down and not to remove them until returning to the supine position. 
Some patients with postural hypotension may benefit from treat- 
ment with 9-flurohydrocortisone and supplementary salt 2-6 g 
daily. Unfortunately, symptoms do not improve until edema oc- 
curs, and there is significant risk of developing congestive heart 
failure and hypertension. If flurohydrocortisone does not work sat- 
isfactorily, various adrenergic agonists and antagonists may be 
used. Patients may be treated with clonidine, which in this setting 
may paradoxically increase blood pressure. If the preceding meas- 
ures fail, midodrine, an œ adrenergic agonist may help.” ® A par- 
ticularly refractory form of orthostatic hypotension occurs in some 
patients postprandially and may respond to therapy with oc- 
treotide.*' Care should be taken to avoid higher doses, which could 
result in hypertension. 


GASTROINTESTINAL AUTONOMIC NEUROPATHY 


The gastrointestinal tract is innervated by extrinsic parasympa- 
thetic and sympathetic neurons and by intrinsic pathways (myen- 
teric or Auerbach’s and the submucosal or Meissner’s plexus). 
Movement of food from mouth to the anus involves coordination of 
sympathetic, parasympathetic, plexus, and dopaminergic path- 
ways. Sympathetic nervous system activity inhibits gastric empty- 
ing, parasympathetic nervous system activity stimulates gastric and 
esophageal peristalsis, and dopaminergic innervation inhibits gas- 
tric peristalsis. Neuropeptidergic function, e.g., glucose-dependent, 
insulin-releasing peptide (GIP) and somatostatin, plays a role in 
gastric emptying." An aberration in any of these pathways may re- 
sult in abnormal gastrointestinal function. 

Autonomic neuropathy can affect every part of the gastroin- 
testinal tract, i.e., the esophagus, stomach, small intestine, and 
colon. Thus, the gastrointestinal manifestations are quite variable 
and include dysphagia, abdominal pain, nausea, vomiting, malab- 
sorption, fecal incontinence, diarrhea, and constipation. Diabetic 
patients may present with a spectrum of manifestations from mild 
gastrointestinal symptoms to severe clinical disease." The preva- 
lence of symptoms caused by gastrointestinal dysfunction may 
reach 76% in a nonselected population of diabetic outpatients. Gas- 
trointestinal tract symptoms and autonomic dysfunction are both 


common in tertiary referral centers; however, symptoms and objec- 
tive evidence of neuropathy are not always related.** Indeed, many 
gastrointestinal symptoms relate to depression rather than auto- 
nomic disease.*° 


Esophageal Dysfunction 


Esophageal motor disorders have been described in 75% of dia- 
betic patients. Despite the frequent motility abnormalities de- 
scribed, symptoms of esophageal disease are rather uncommon in 
diabetics, and only approximately 30% experience symptoms. 
Motor abnormalities include impairment of peristaltic activity with 
double peak and tertiary contractions or impaired peristalsis and 
diminished lower esophageal sphincteric pressures. These factors 
may further predispose to gastroesophageal reflux disease, particu- 
larly in the setting of impaired gastric emptying. Esophageal dys- 
function is detectable through esophageal motility testing and 
esophageal scintigraphy in diabetic patients.*° 


Gastroparesis Diabeticorum 


The prevalence of delayed gastric emptying in patients with long- 
standing diabetes is not known, due to a lack of population-based 
studies; it has been shown to occur in up to 50% of selected dia- 
betic patients.*” It is usually clinical silent, although severe diabetic 
gastroparesis is one of the most debilitating of all the gastrointesti- 
nal complications of diabetes. 

Physiology of gastric emptying largely depends on vagus 
nerve function, which may be grossly disturbed in diabetes. The 
gastric basal electrical rhythm is initiated by the pacemaker and is 
conducted circumferentially and longitudinally toward the pylorus. 
The gastric pacemaker area is located in a region at the junction of 
the fundus and body on the greater curvature. The interdigestive 
motor activity of the stomach during fasting is divided into four 
phases; during the peak activity of the third phase (the migrating 
motor complex [MMC)]), the stomach bursts into contractions with 
a frequency of three contractions a minute. Liquid emptying is con- 
trolled by the fundus and depends on the volume of gastric con- 
tents. With impaired vagal function, the proximal stomach is less 
relaxed, and liquid emptying may actually be faster than normal in 
diabetic patients. Solid-phase emptying is caused by powerful con- 
tractions of the antrum. These contractions grind and mix solid 
food into particles of <1 mm in size, which then pass through the 
pylorus into the duodenum. Phase three contractions of the interdi- 
gestive MMC are frequently absent in diabetic patients. This re- 
sults in poor antral grinding and emptying, which may result in 
gastric retention. Furthermore, there may be disordered integration 
of gastric and duodenal motor function resulting from disturbances 
in receptor relaxation of the stomach. Pylorospasm may occur be- 
cause of disturbed contractility, which causes a functional resist- 
ance to gastric outflow. Impaired gastric emptying puts the patient 
at particular risk for gastric bezoars formation. 

The exact pathophysiology of gastric motor disturbances is 
not certain. It is clear that vagal parasympathetic dysfunction dis- 
turbances may occur. The release of the peptide motilin, which 
regulates gastrointestinal motility, is under vagal control. Motilin 
stimulates initiation of phase 3 motor activity of the MMC of the 
stomach and will do so in patients with gastroparesis. Hyper- 
glycemia itself may cause delayed gastric emptying of liquids and 
solids in both diabetic and healthy individuals.” Gastric dysrhyth- 


Chapter 46 


mias, known as functional pathology, are defined as bradygastria 
and tachygastria. Gastric dysrythmias have been found in 100% 
of diabetic patients with meal-related symptoms. Gastric dys- 
rhythmias interfere with the normal gastric peristaltic contrac- 
tions. Loss of vagal tone and increased sympathetic nervous sys- 
tem activity have been associated with gastric dysrhythmias, 
Acute hyperglycemia can evoke tachygastria and suppress antral 
contractions. 

The typical symptoms of diabetic gastroparesis are early sati- 
ety, nausea, vomiting, abdominal bloating, epigastric pain, and 
anorexia (Fig. 46-2). Patients with gastroparesis have emesis of 
undigested food consumed many hours or even days previously. 
Episodes of nausea and vomiting may last for days to months or 
occur in cycles.*” Even with mild symptoms, gastroparesis inter- 
feres with nutrient delivery to the small bowel and therefore dis- 
rupts the relationship between glucose absorption and exogenous 
insulin administration. This may result in wide swings of glucose 
levels and unexpected episodes of postprandial hypoglycemia and 
“brittle diabetes.” Gastroparesis should therefore always be sus- 
pected in patients with erratic glucose control. Upper gastrointesti- 
nal symptoms should not be attributed to gastroparesis until condi- 
tions such as gastric ulcer, duodenal ulcer, gastritis, and gastric 
cancer have been excluded. 


Diagnosis 

Scintigraphy is generally regarded as the reference method in 
the evaluation of disordered gastric emptying in diabetic patients. 
The measurement of gastric emptying of solids is more sensitive 
than that of liquids. Hyperglycemia exerts a major influence on 
gastric motor function in that it slows gastric emptying in diabetic 
patients. The ['*CJoctanoic acid breath test represents a suitable 
measure of delayed gastric emptying in diabetic patients. which is 
associated with the severity of gastric symptoms but is not affected 
by the blood glucose level.” 


Exclude functional 
eg, hyperglycemia, 
ketoacidosis, 
electrolyte imbalance 
endocrine eg, hypo- 
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Treatment 

Initial treatment of diabetic gastroparesis should focus on 
blood glucose control. Physiologic control of blood glucose levels 
may improve gastric motor dysfunction. The management of gas- 
troparesis should include multiple small feedings with a reduction 
in the fat content (<40 g/day), which tends to delay gastric empty- 
ing. A low-fiber diet is also advised in diabetic gastroparesis to 
avoid bezoar formation. Metoclopramide, domperidone and levo- 
sulpiride offer potential therapy in the management of gastropare- 
sis. Metoclopramide is a cholinergic and antidopaminergic agent 
with central antiemetic activity.” Central nervous system side ef- 
fects such as tremor, restlessness, tardive dyskinesia, and drowsi- 
ness limit the use of metoclopramide. Other side effects observed 
with metoclopramide are galactorrhea and hyperprolactinemia, 
The recommended dosage is 10 mg four times a day, 30-60 min- 
utes before meals and at bedtime. Metoclopramide may be given 
intravenously or as a liquid or suppository. The drug will not be ab- 
sorbed when given orally if large gastric residuals secondary to se- 
vere gastroparesis are present. In this instance, gastric suctioning 
and intravenous nutrition, as well as intravenous drug administra- 
tion, are needed until the stomach begins to empty, at which time 
oral therapy can be reinstituted. Tachyphylaxis occurs and requires 
that the drug be stopped temporarily and then restarted. 

Domperidone is a peripherally acting dopamine 2-receptor an- 
tagonist without cholinergic activity. Domperidone has direct 
antiemetic activity. Domperidone improves gastrointestinal motil- 
ity by enhancing antral concentrations. Central nervous side effects 
are observed less frequently with domperidone than with metoclo- 
pramide. The oral dose of domperidone for the treatment of gastro- 
paresis is 20-40 mg, four times a daily, taken 30 minutes before 
meals and, if necessary, at bedtime. 

Levosulpiride is a new prokinetic drug that is a selective antag- 
onist for D2-dopamine receptors. Recent studies have suggested 
that patients receiving this medication, given at a dosage of 25 mg 
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FIGURE 46-2. The evaluation of a patient with gastroparesis diabeticorum. 
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3 times per day orally, show maintained improvement in gastric 
emptying and improved glycemic control. 

Erythromycin exerts its effect by stimulation of motilin recep- 
tors. Erythromycin and its derivatives have improved gastric emp- 
tying of solids and liquids and increased antral contraction.” ?? 
Erythromycin may cause nausea, abdominal cramps and diarrhea, 
rash, and allergic manifestations. The oral dose of erythromycin is 
250 mg three times daily, taken 30 minutes before meals. Intra- 
venous erythromycin (3 mg/kg/every 8 hours by infusion) is a use- 
ful drug for clearance of gastric bezoars. The gastrokinetic efficacy 
of metoclopramide, domperidone, and erythromycin diminishes 
during prolonged administration. 

If medications fail and severe gastroparesis persists, jejunos- 
tomy placement into normally functioning bowel may be needed. 
Satisfactory relief of intractable vomiting from diabetic gastropare- 
sis is achieved by a percutaneous endoscopic gastrotomy (PEG) or 
novel radical surgical procedure.”*° 


Diabetic Diarrhea 


Diarrhea may be evident in 20% of diabetic patients, particularly 
those with known autonomic neuropathy. However, the prevalence 
of chronic diarrhea in a nonselected heterogeneous diabetic popu- 
lation is 3.7%. Diabetic diarrhea is more common among T!DM 
than T2DM patients.” A number of factors may contribute to the 
diarrhea, including stasis of bowel contents with bacterial over- 
growth, bile acid-induced intestinal hurry, and malabsorption, as 
well as a diminution in pancreatic exocrine secretions, presumably 
due to the need for insulin to maintain exocrine pancreatic function 
and the vagal pancreatic neuropathy. The most frequent cause of 
chronic nondiabetes-provoked diarrhea has been found to be met- 
formin.” 


Diagnosis 

Autonomic neuropathy-associated diarrhea can be sudden, ex- 
plosive, nocturnal, and paroxysmal. It is characterized by stool vol- 
umes greater than 300 g/day and up to 10-20 bowel movements per 
day. Fecal incontinence may be associated with severe diabetic diar- 
rhea or may constitute an independent disorder of anorectal dysfunc- 
tion. Incontinent diabetics have decreased basal sphincteric tone, 
suggesting abnormal internal and external anal sphincter function. 


Treatment 

The severe and intermittent nature of diabetic diarrhea makes 
treatment and assessment difficult. Because afferent denervation 
may contribute to the problem, a bowel program that includes reg- 
ular efforts to move the bowels is indicated. Initial therapy of dia- 
betic diarrhea should be directed toward correction of elec- 
trolyte/water disturbances and nutrition. Good control of glucose 
levels is helpful. Treatment should be directed at the identified 
cause of diabetic diarrhea. A broad-spectrum antibiotic (doxycy- 
line and metronidazole) is usually the treatment of choice for bac- 
terial overgrowth. Retention of bile sometimes occurs, which may 
be highly irritating to the gut, and chelation of bile salts with 4-g 
tid cholestyramine mixed with fluid and given orally may be of 
considerable help. Antidiarrheal agents (loperamide and diphe- 
noxylate) can reduce the number of stools. However, toxic mega- 
colon can occur, and extreme care should be used. 

Clonidine may restore adrenergic nerve dysfunction and im- 
prove diarrhea. Initial treatment should begin with 0.1 mg twice a 


day. Clonidine may cause orthostatic hypotension. Topical cloni- 
dine may also control diarrhea without causing orthostatic hy- 
potension. Octreotide slows motility and inhibits the release of gas- 
troenteropancreatic endocrine peptides, which may be 
pathogenetic factors responsible for diarrhea and electrolyte imbal- 
ance in diabetic patients. Octreotide has been shown to be effective 
in improving diarrhea at a dose of 50-75 p unit = pg sc twice a 
day. 


Constipation 


The most common problem associated with diabetic gastrointesti- 
nal dysfunction is constipation. Severe constipation may be com- 
plicated by ulceration, perforation, and fecal impaction. Precipi- 
tous change in bowel habits should prompt colonic evaluation to 
exclude the possibility of neoplasm and stricture.” The most com- 
monly reported drug class associated with constipation in persons 
with diabetes mellitus is calcium channel blockers. The use of 
amitryptyline for neuropathic pain is an important cause of consti- 
pation in these patients because of its anticholinergic properties. 
For this reason other agents should be selected. 


Treatment 

Treatment for constipation should begin with emphasis on 
good bowel habits, which include regular exercise and mainte- 
nance of adequate hydration and fiber consumption. Many consti- 
pated patients respond to a high-soluble-fiber diet supplemented 
with daily hydrophilic colloid. Sorbitol and lactulose may be help- 
ful. Metamucil™ may soften stools, and metoclopramide stimu- 
lates colorectal activity. Nonetheless, periodic enemas may be 
needed, and the anticholinergic drugs used for peripheral neuropa- 
thy must be avoided. 


Gall Bladder Atony 


In diabetic patients with autonomic neuropathy, gallbladder con- 
traction is reduced, because of impaired vagal function. Autonomic 
neuropathy of the gallbladder results in a stasis of bile salts that 
may “spill over” into the intestines at inappropriate times. The 
atony and elevation of cholesterol frequently seen in diabetic pa- 
tients predispose these patients to cholelithiasis. 

Treatment is usually surgical at the time of presentation. How- 
ever, in patients placed on lithogenic drugs, e.g., somatostatin, ul- 
trasonography is advised prior to starting therapy, with prophylac- 
tic stone removal. 


GENITOURINARY AUTONOMIC NEUROPATHY 


Erectile Dysfunction 


The most common form of organic sexual dysfunction in male dia- 
betics is erectile dysfunction (ED). ED is defined as the consistent 
inability to attain and maintain an erection adequate for sexual in- 
tercourse, usually qualified by being present for several months 
and occurring at least half the time. The incidence of ED in diabetic 
men has been estimated to be between 35 and 75%.” 

The etiology of ED in diabetes is multifactorial. Neuropathy, 
vascular disease, metabolic control, nutrition, endocrine disorders, 
psychogenic factors, and drugs used in the treatment of diabetes 
and its complications play a role. ED is a marker for the develop- 


Chapter 46 


ment of generalized vascular disease and for premature demise 
from a myocardial infarct, and penile failure may be a portent of 
upcoming, and possibly preventable, cardiovascular events.'” 
Thus, ED in diabetics should alert the physician to perform cardio- 
vascular evaluation. 

The relationships among the sympathetic and parasympathetic 
nervous systems, the endothelium, and smooth muscle function may 
be disrupted by diseases of blood vessels or nerves, such as occurs in 
diabetes. In diabetes, the development of autonomic neuropathy is 
partly responsible for the loss of cholinergic activation of the erectile 
process. In the penis, acetylcholine acts on the vascular endothelium 
to release NO and prostacylin, both of which are defective in dia- 
betes. There is also evidence that nonadrenergic/noncholinergic 
nerve function is hampered, with decreased content of VIP, SP, and 
other neuropeptide vasodilatator neurotransmitters. 
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The symptoms of organic ED are gradual in onset and progress 
with time. The earliest complaints are decreased rigidity with in- 
complete tumescence before total failure. It occurs with all part- 
ners, and there is no loss of libido. Morning erections are lost. Sud- 
den loss of erections with a particular partner, while maintaining 
morning erections and nocturnal penile tumescence, suggest a psy- 
chogenic cause. However, psychogenic factors may be superim- 
posed on organic dysfunction in diabetes. 


Diagnosis 


Evaluation of diabetic men with erectile dysfunction is complex 
(Fig. 46-3). Initial assessment of patients with ED should be car- 
ried out in the presence of their significant other or sexual partner, 
if possible. Health care providers should make an attempt to inter- 
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FIGURE 46-3. The evaluation of a diabetic patient with erectile dysfunction. NPT, nocturnal penile 


tumescence. 
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view the partner to obtain an impression of the overall relationship 
and the impact that the return of erections will have on the relation- 
ship. Extreme care must be exercised in these situations; in many 
instances a patient’s desire is to be able to have erections but not 
necessarily to actually have sexual relations. 

A thorough work-up for impotence will include medical and 
sexual history; physical and psychological evaluation; blood tests 
for diabetes and for testosterone, prolactin, and thyroid hormone 
levels; test for nocturnal erections (absence of erections during 
sleep suggests a physical cause of impotence); tests to assess 
penile, pelvic, and spinal nerve function; and a test to assess 
penile blood supply and blood pressure. The flow chart pro- 
vided (Fig. 46-3) is intended as a guide to assist in defining the 
problem. 

The health care provider should initiate questions that will help 
distinguish the various forms of organic erectile dysfunction from 
those that are psychogenic in origin. In all instances, a careful his- 
tory must be taken to determine the rapidity of onset of ED, pres- 
ence of moming erections, uniformity of sexual dysfunction with 
all partners, evidence of autonomic nervous dysfunction, vascular 
insufficiency, hormonal inadequacy, and drugs used in the treat- 
ment of satellite disorders. 

Physical examination must include an evaluation of the auto- 
nomic nervous system, vascular supply, and the hypothalamic- 
pituitary-gonadal axis. 

Autonomic neuropathy causing ED is usually accompanied by 
loss of ankle jerks and absence or reduction of vibration sense over 
the large toes. More direct evidence of impairment of penile auto- 
nomic function can be obtained by demonstrating normal perianal 
sensation, assessing the tone of the anal sphincter during a rectal 
exam, and ascertaining the presence of an anal wink when the area 
of the skin adjacent to the anus is stroked or contraction of the anus 
when the glans penis is squeezed, i.e., the bulbo-cavernosus reflex. 
These measurements are easily and quickly done at the bedside and 
reflect the integrity of sacral parasympathetic divisions. More so- 
phisticated testing of the autonomic nervous system can be done by 
measuring the change in postural blood pressure and the change in 
heart rate with deep breathing. 

Vascular disease is usually manifested by buttock claudication 
but may be due to stenosis of the internal pudental artery. A pe- 
nile/brachial index of <0.7 indicates diminished blood supply. A 
venous leak manifests as unresponsiveness to vasodilators and 
needs to be evaluated by penile Doppler sonography. 

To distinguish psychogenic from organic erectile dysfunction, 
nocturnal penile tumescence (NPT) testing can be done. Normal 
NPT defines psychogenic ED, and a negative response to vasodila- 
tors implies vascular insufficiency. Application of NPT testing is 
not so simple. It is much like having a sphygmomanometer cuff in- 
flate over the penis many times during the night while one is trying 
to have a normal night’s sleep including the REM sleep associated 
with erections. The individual may have to take the device home 
and become familiar with it over several nights before a conclusion 
is reached that NPT testing has failed. 

Integrity of the penile vasculature is assessed by quantitation 
of blood flow in response to the potent vasodilator prostaglandin E 
(alprostadil, 20 wg) given directly into the corpora cavernosa. In 
patients with psychogenic impotence, erections can be obtained 
virtually 100% of the time. Similarly, in neurogenic impotence, the 
response to intracavernosal injection is about 95%. Failure of re- 
sponse implies vascular insufficiency, either arterial or venous in- 


competence. It is not surprising that patients with diabetes respond 
about 65-70% of the time, in keeping with a predominantly neuro- 
genic cause of their ED and compatible with a significant arterial 
component. 


Treatment 

A number of treatment modalities are available, each with pos- 
itive and negative effects; therefore patients must be made aware of 
both aspects before a therapeutic decision is made. Before consid- 
ering any form of treatment, every effort should be made to have 
the patient withdraw from alcohol and eliminate smoking. First and 
foremost, the patient should be removed, if possible, from drugs 
that are known to cause erectile dysfunction (Table 46-3). Only 
three classes of antihypertensives are relatively infrequently associ- 
ated with erectile dysfunction: a,-adrenergic blockers, ACE in- 
hibitors. and calcium channel blockers. Metabolic control should 
be optimized. Direct injection of prostacylin into the corpus caver- 
nosum will induce satisfactory erections in a significant number of 
men. Also, surgical implantation of a penile prosthesis may be ap- 
propriate. The less expensive type of prosthesis is a semirigid, per- 
manently erect type that may be embarrassing and uncomfortable 
for some patients. The inflatable type is three times more expensive 
and is subject to mechanical failure, but it avoids the embarrass- 
ment caused by other devices. 

According to more recent research, relaxation of the corpus 
cavernosus smooth muscle cells is caused by NO and cGMP, and the 
ability to have and maintain an erection depends on NO and 
cGMP. Sildenafil exerts its effect by transiently increasing NO 
and cGMP levels. Sildenafil is a GMP type-5 phosphodiesterase in- 
hibitor that enhances blood flow to the corpora cavernosae with 
sexual stimulation. A 50-mg tablet taken orally is the usual starting 
dose, 60 minutes before sexual activity. Lower doses should be 
considered in patients with renal failure and hepatic dysfunction. 
The duration of the drug effect is 4 hours. Before the drug is pre- 
scribed, il is important to exclude ischemic heart disease. It is ab- 
solutely contraindicated in patients being treated with nitroglycer- 
ine or other nitrate-containing drugs. Severe hypotension and fatal 
cardiac events can occur.!°! 


TABLE 46-3. Drugs known to cause erectile dysfunction and 
commonly used in diabetic patients 


Antihypertensive agents 
Beta-blokers 
Thiazide diuretics 
Spironolactone 
Methyldopa 
Reserpine 
Agents acting on the central nervous system 
Phenothiazines 
Haloperidol 
Tricyclic antidepressants 
Drugs acting on the endocrine system 
Estrogens 
Antiandrogens 
Gonadotropin antagonist 
Spironolactone 
Cimetidine 
Metoclopramide 
Fibric acid derivatives 
Alcohol 
Marijuana 
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Retrograde Ejaculation 


Retrograde ejaculation is caused by damage to efferent sympa- 
thetic innervations, which coordinate the simultaneous closure of 
the internal vesicle sphincter and relaxation of the external vesicle 
sphincter during ejaculation. Retrograde ejaculation is reported to 
occur in up to 32% of diabetic men. Lack of spermatozoa in the 
semen and the presence of motile sperm in a postcoital specimen of 
urine confirm the diagnosis. Diabetic patients with retrograde ejac- 
ulation will require help if pregnancy is to be achieved. 


Female Sexual Dysfunction 


Despite the severe ravages of autonomic neuropathy on the urogen- 
ital system, females with this condition do not suffer from loss of 
libido and orgasm. Parasympathetic function mediates vaginal lu- 
brication, and, in general, the parasympathetic nervous system is 
selectively impaired in females with diabetes mellitus. Approxi- 
mately 30% of diabetic women have some degree of sexual dys- 
function. Women with diabetes mellitus have decreased vaginal lu- 
brication, which may lead to vaginal wall atrophy and 
dyspareunia.” 


Diagnosis 

The diagnosis of female sexual dysfunction requires a consci- 
entious effort to elicit a history of dyspareunia, the use of vagina! 
lubricants, or both. The value of diagnosis of female sexual dys- 
function using vaginal plethysmography to measure lubrication 
and vaginal flushing has not been well established. Therapy may 
include use of lubricating agents or estrogen creams. 


Treatment 

An estrogen cream has the advantage of not only providing the 
necessary lubrication but also thickening the vaginal walls, thereby 
possibly decreasing dyspareunia. 


Cystopathy 


Neural impairment of the bladder includes sympathetic, parasym- 
pathetic, and pudental nerves. Efferent parasympathetic fibers pro- 
mote bladder contraction during urination. Efferent sympathetic 
fibers maintain sphincter tone between urinations and decrease 
their activity during urination. Afferent autonomic fibers transmit 
sensation of bladder fullness. In DAN, the motor function of the 
bladder is unimpaired, but afferent fiber damage results in dimin- 
ished bladder sensation. 

The urinary bladder can be enlarged to more than three times 
its normal size. Patients are seen with bladders filled to their um- 
bilicus, yet they feel no discomfort. Loss of bladder sensation oc- 
curs early in DAN, with diminished voiding frequency, and the pa- 
tient is no longer able to void completely. Consequently, dribbling 
and overflow incontinence are common complaints. Autonomic 
neuropathy-associated neurogenic bladder dysfunction may mani- 
fest as partial or complete urinary retention, incontinence, or fre- 
quent urination including nocturia. Chronic neurogenic bladder 
can cause vesicoureteric reflux with renal damage. In addition, 
chronic dysfunction also causes inadequate emptying, with conse- 
quent urinary infection. More than two urinary tract infections per 
year should alert the physician to possible cystopathy and should 
elicit appropriate diagnostic procedures. 
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Diagnosis 

A postvoiding residual of greater than 150 cc is diagnostic of 
abnormal bladder function and may be detected by several meth- 
ods: postvoiding sonography, cystometrogram, postvoiding 
catheterization, or postvoiding intravenous pyelogram (IVP), 
which may be injurious to the diabetic kidney. Postvoiding sonog- 
raphy can accurately and noninvasively evaluate the residual urine 
retained within the bladder. Postvoiding catheterization is invasive 
and may produce bacteriuria. A cystometrogram is the procedure 
of choice for evaluating both afferent and efferent bladder function. 


Treatment 

The principal aims of treatment are improvement of bladder 
emptying and reduction of risk of urinary tract infection. Patients 
with cystopathy should be instructed to palpate the bladder and, if 
they are unable to initiate micturition when the bladder is full, use 
Crede’s maneuver to start the flow of urine every 4 hours. Parasym- 
pathomimetics such as bethanechol (10-30 mg three times a day) 
are sometimes helpful, although frequently they do not help to 
empty the bladder fully. Extended sphincter relaxation can be 
achieved with an a,-blocker such as doxazosin. Self-catheteriza- 
tion can be particularly useful in this setting, with the risk of infec- 
tion generally being low. If a,-blockade fails in males, bladder 
neck surgery may help to relieve spasm of the internal sphincter. 
Because the somatic supply of the external sphincter remains in- 
tact, continence is preserved. 


IMPAIRED SKIN BLOOD FLOW 


Skin blood flow is important in maintaining nutrition and regional 
and whole-body temperature and in healing traumatized skin. 
There are two different types of skin. The first is apical (glabrous) 
skin, which is present in the palmar surface of the hand, plantar 
surface of the foot, and the face. Apical skin contains a large num- 
ber of AV anastomoses or AV shunts and functions in thermoregu- 
lation. In contrast, nonapical (hairy) skin is present over most of 
the body surface. There are relatively few AV shunt vessels, and 
blood flow is primarily nutritive in function. Microvascular skin 
flow is under the control of the ANS and is regulated by both the 
central and peripheral components of the ANS. AV shunts provide 
a potential low-resistance pathway by which blood flow can be di- 
verted from the arteriolar to the venular circulation, bypassing the 
capillary bed. The shunts are maintained in a constricted state by 
sympathetic tone. Loss of this tone due to neuropathy causes the 
shunts to open, and consequent deviation of blood flow from the 
skin. Increased venular oxygen levels, apparent ischemic lesions 
despite the presence of palpable pulses, and raised skin tempera- 
tures in the distal extremities are consistent with AV shunting. 

In diabetes, the rhythmic contraction of arterioles and small ar- 
teries is disordered. Defective blood flow in the small capillary cir- 
culation is found, with decreased responsiveness to mental arith- 
metic, cold pressor, handgrip, and heating (Fig. 46-4). The defect is 
associated with a reduction in the amplitude of vasomotion and re- 
sembles premature aging.'0*'™ 

There are differences in the glabrous and hairy skin circula- 
tions. The vessels in the dorsum of the hand show a moderate en- 
dothelial defect and a profound inability to dilate with heat and the 
added hydrostatic gradient of lowering the limb (Fig. 46-5). In 
hairy skin, a functional defect is found prior to the development of 
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FIGURE 46-4. Impaired skin blood flow in diabetic patients. (Reproduced with permission from 


Stansberry et al./%) 


neuropathy." The factors that contribute to the development of 
foot ulceration include loss of cutaneous sensitivity to pain and 
warm thermal stimulation; impairment of sweating with dryness 
and cracking of the skin; and defective autonomic function with a 
decrease in blood flow that compromises nerve function and also 
impairs the supply of essential nutrients and tissue perfusion. It is 
this constellation that engenders the perfect milieu for the develop- 
ment of foot ulceration and gangrene (see Chap. 51). 

Charcot foot may present acutely with severe pain, a warm to 
hot foot with increased blood flow (despite decreased warm sen- 
sory perception and vibration detection), and clear evidence of 
acute osteopenia.’°~'™ An important factor in the development of 
Charcot joints is equinovarus deformity caused by Achilles tendon 
shortening.’ The repetitive trauma in the Charcot foot increases 
osteoclastic activity and blood flow, with consequent osteopenia.''° 


= Controls 
= Diabetes 


The osteopenia predisposes the small bones of the foot to small 
fractures with minimal provocation, especially with the develop- 
ment of equines. 

The development of neurovascular dysfunction in diabetic pa- 
tients involves complex and multifactorial processes. There are 
three key elements: endothelium. smooth muscle, and nerve sup- 
ply. Evaluation of each component is essential to understanding the 
neurovascular dysfunction of diabetes mellitus. The vascular en- 
dothelium has a key role in the pathogenesis of microangiopathy 
and neuropathy by producing important chemicals such as NO, en- 
dothelin, and prostacylin. 


Diagnosis 
The advantage of noninvasive methods for assessing skin 
blood flow has allowed clinical measurements of the effects of dia- 
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FIGURE 46-5. Abnormal blood flow in hairy skin on dorsum of hand in patients with type 2 diabetes. 
(Reproduced with permission from Stansberry et al.) 
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betes on neurovascular dysfunction. Microvascular blood flow can 
be accurately measured noninvasively using laser Doppler flowme- 
try under basal and stimulated conditions. Smooth muscle mi- 
crovasculature in the periphery reacts to a number of stressor tasks. 
These may be divided into those dependent on the integrity of the 
central nervous system—orienting response and mental arith- 
metic—and those dependent on the distal sympathetic axon— 
handgrip and cold pressor tests. 


Treatment 

Drying between the toes after bathing and application of soft- 
ening creams are critical measures for the prevention of foot ulcers. 
Daily inspection of the feet is paramount, and patients must be 
taught proper toenail-cutting techniques. A few studies have exam- 
ined the ability to alter blood flow in diabetes. In animal models, 
NGF increases blood flow, but data are not available in humans.''! 
A prostaglandin analog, cilastazol, may benefit some people.'!? Al- 
tering the rheology of red blood cell viscosity using pentoxifylline 
has proved disappointing.'!’. Increasing substrate availability for 
NO generation by ingestion of arginine helps patients with Ray- 
naud’s disease, but there are no reports in diabetes mellitus. Chang- 
ing Sensitivity to NO appears to occur with ACE inhibitors and the 
glitazones, possibly by their action on insulin resistance, but their 
role needs to be defined.''*!!° 


SUDOMOTOR DYSFUNCTION 


Hyperhidrosis of the upper body, often related to eating (gustatory 
sweating) and anhidrosis of the lower body, is a characteristic fea- 
ture of autonomic neuropathy. Unless careful elicited, a history of 
abnormal sweating pattern and distal anhidrosis is often unrecog- 
nized. Gustatory sweating is thought to be due to axonal regenera- 
tion within the autonomic nervous system.!!° Gustatory sweating is 
much more common among diabetic patients with neuropathy and 
especially nephropathy. The hyperhidrosis, cracked and dry skin, 
and increased small blood vessel flow due to autonomic dysfunc- 
tion create an excellent milieu for infection to take hold and prolif- 
erate. Infection develops after skin breaks down and, combined 
with ischemia, can eventually lead to gangrene. 


Treatment 

Sudomotor disturbance may respond to treatment with propan- 
theline hydrobromide as scopolamine patches. Anticholinergic 
drugs have been used successfully for the treatment of gustatory 
sweating, but anticholinergic agents may be less well tolerated than 
the condition itself. There is a suggestion that application of gly- 
copyrrolate (an antimuscarinic compound) might benefit diabetic 
patients with gustatory sweating!'’ Intradermal injection of botu- 
linum toxin A is also effective treatment for excessive sweating." 
Special attention must be paid to foot care. The diabetic patient 
must pay particular attention to appropriate footwear, padded 
socks, and hydrating creams. 


HYPOGLYCEMIA UNAWARENESS 


The counterregulatory hormone responses and awareness of hypo- 
glycemia are reduced in patients with long-standing T1DM (see 
Chap. 31). The glucagon response is impaired with diabetes dura- 
tion of 1-5 years, and after 14-31 years of diabetes, the glucagon 
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response is almost undetectable. The release of catecholamine 
alerts the patient to take the required measures to prevent coma due 
to low blood glucose. The absence of warning signs of impending 
neuroglycopenia is known as hypoglycemic unawareness. Hypo- 
glycemic unawareness should not, however, be used as a criterion 
to make the diagnosis of autonomic neuropathy because it may also 
occur in diabetes as a result of improved glycemic control in con- 
junction with recurrent antecedent hypoglycemia. The combined 
autonomic deficit in heart rate and blood pressure responses to 
standing is associated with a modest increase in the risk of severe 
spontaneous hypoglycemia.!!” 


Treatment 

Patients with hypoglycemia unawareness and unresponsive- 
hess pose a significant management problem for the physician. Al- 
though autonomic neuropathy may improve with intensive therapy 
and normalization of blood glucose, there is a risk to the patient, 
who may become hypoglycemic without being aware of it and who 
cannot mount a counterregulatory response. It is our recommenda- 
tion that if a pump is used, boluses of smaller than calculated 
amounts should be used; if intensive conventional therapy is used, 
long-acting insulin with smaller boluses should be given. One 
should be cautious about attempting to aim for normal glucose and 
HbA c levels in these patients and take care to avoid the possibility 
of hypoglycemia.'”° A remarkable reduction in the frequency of se- 
vere hypoglycemia can be achieved with hypoglycemia awareness 
training.'”! 


PUPILLARY ABNORMALITIES 


The pupillary iris is dually innervated by parasympathetic and 
sympathetic fibers. Parasympathetic fibers mediate pupillary con- 
striction, whereas sympathetic fibers mediate pupillary dilation. 
The sympathetic fibers are most often regulated by changes in 
arousal, whereas the parasympathetic fibers are activated mainly by 
change in light intensity. Patients with DAN show delayed or ab- 
sent reflex response to light and diminished hippus, accounted for 
by decreased sympathetic activity and a reduced resting pupillary 
diameter. Autonomic neuropathy of the pupil is often apparent on 
routine eye examination but can be confirmed by more sophisti- 
cated testing using a pupillometer.'?” 


Treatment 

The pupillary abnormalities do not tend to produce any signif- 
icant functional defect, except for potential failure of dark adapta- 
tion and difficulty with driving at night. Patients should therefore 
be warned about driving at night.!?* 


RESPIRATORY DYSFUNCTION 


Respiratory reflexes may be impaired in diabetic patients with 
autonomic neuropathy. Ventilatory responses to hypoxia and hy- 
percapnia are reduced in DAN.'™ Parasympathetic dysfunction 
can cause reduced airway tone. Obstructive sleep apnea is more 
prevalent in diabetic patients with autonomic neuropathy than in 
those without.'*> Nasal continuous positive airway pressure is an 
effective therapy for obstructive sleep apnea syndrome.” A tem- 
poral relationship between sudden cardiac arrest and interference 
with normal respiration by hypoxia, drugs, or anesthesia has 
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been reported.'*4 Sudden cardiopulmonary arrest in diabetic pa- 
tients with cardiac autonomic neuropathy may be of respiratory 
origin due to loss of hypoxic respiratory drive. 


DEAD IN BED 


The undetected autonomic dysfunction, when associated with noc- 
turnal hypoglycemia, may predispose T1DM patients to fatal ven- 
tricular dysrhythmia constituting the dead in bed syndrome.'”’ 
Possible mechanisms of sudden death are silent ischemia, pro- 
longed QT interval predisposing to ventricular arrhythmias, or ab- 
normal central control of breathing. 


SUMMARY 


DAN is an extremely important clinical disorder. Although in- 
volvement of the ANS is generally diffuse, symptoms may be con- 
fined to a single target organ or organ system. Complications af- 
fecting these systems contribute greatly to the morbidity, mortality, 
and reduced quality of life and activities of daily living of the per- 
son with diabetes. They are also the major source of increased costs 
of caring for the diabetic patient. Factors in the pathogenesis are 
metabolism, vascular insufficiency, loss of growth factor trophism, 
and autoimmune destruction of nerves in a visceral and cutaneous 
distribution. We have reviewed the variety of clinical manifesta- 
tions associated with autonomic neuropathy and have discussed 
current views related to the symptomatic management of the differ- 
ent abnormalities. Our ability to manage the many different mani- 
festations of DAN successfully depends ultimately on our success 
in uncovering the pathogenetic processes underlying this disorder 
and directing therapies at the cause rather than the manifestations. 
There are also studies in progress suggesting that autonomic nerves 
can be induced to regenerate, and the future for patients with DAN 
is less bleak than hithertofore perceived. 
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CHAPTER 47 


Diabetic Dyslipidemia: Pathophysiology and Treatment 


Clay F. Semenkovich 


For people with both type 1 and type 2 diabetes mellitus (T1DM 
and T2DM), the risk of premature death due to atherosclerosis is 
considerable. Atherosclerosis and its complications account for 
about 80% of mortality in diabetes. Dyslipidemia is common in di- 
abetic patients and is probably a major contributor to the initiation 
and propagation of atherosclerotic lesions in these patients. Be- 
cause of poorly understood interactions between the diabetic state 
and dyslipidemia, the effects of disturbances in circulating lipid 
levels are amplified in diabetes. Even modest abnormalities of cir- 
culating lipoproteins in diabetics disproportionately increase vas- 
cular risk. Since diabetic patients without known coronary artery 
disease appear to have the same risk for myocardial infarction as 
nondiabetic patients with previous myocardial infarction,’ an ag- 
gressive approach to lipid management should be considered in 
every patient with diabetes. 


EPIDEMIOLOGY 


In poorly controlled Tl- and T2DM, patients have elevated levels 
of triglycerides, low levels of high-density lipoprotein (HDL) cho- 
lesterol, and changes in the composition of low-density lipoprotein 
(LDL) cholesterol that may substantially enhance the atherogenic 
potential of this particle. 

Regardless of the type of diabetes, the hallmark of diabetic 
dyslipidemia is hypertriglyceridemia. In a compilation of studies 
comparing mean lipid levels from treated diabetic patients with 
those from controls matched for age and weight,” plasma triglyc- 
eride levels were increased in both T1- and T2 DM, and HDL cho- 
lesterol was decreased in people with T2DM (Fig. 47-1). In the 
World Health Organization (WHO) multinational study, serum 
triglyceride concentrations were related to macrovascular risk 
using five national sample sets. Triglycerides were more strongly 
associated with ischemic heart disease than cholesterol. Data from 
the Multiple Risk Factor Intervention Trial” and the Paris Prospec- 
tive Study" also indicate that triglyceride levels better predict vas- 
cular risk than total or LDL cholesterol in diabetes. Triglyceride 
levels increase and HDL cholesterol levels decrease continuously 
as glucose intolerance increases in nondiabetic cohorts.° These 
data suggest that dyslipidemia predating the development of overt 
T2DM contributes to the high frequency of coronary heart disease 
present in these patients at the time of initial diagnosis. 

In 1979, the Framingham Study first reported that pre- 
menopausal women with diabetes have the same risk for vascular 
disease as diabetic men,’ suggesting that the protective effect of 
being female with respect to heart disease is negated by diabetes. 


This observation has been confirmed in economically and racial] 
diverse populations ranging from Evans County, Georgia, to Rat 
cho Bernardo, California.” Over the past 30 years, coronary hea 
disease mortality in the United States has declined for the gener: 
population but not for women with diabetes. Recent data from Ni 
tional Health and Nutrition Examination Surveys show that agı 
adjusted heart disease mortality has declined 27% for nondiabet 
women but increased 23% in diabetic women.'° Smaller declines i 
mortality were seen for diabetic compared with nondiabetic men. 

The poor prognosis for women with diabetes may be explaine 
in part by the effects of diabetes on dyslipidemia in women. Tt 
Prospective Cardiovascular Munster study (PROCAM), involvin 
over 50,000 German men and women, reported that diabet 
women were more likely than diabetic men to manifest dyslip 
demia, especially low HDL cholesterol.'! The Strong Heart Stud 
is a population-based study of vascular disease that include 
over 1400 females and over 800 males with diabetes. In th 
group, diabetic women compared with their male counterpar 
had greater decreases in HDL cholesterol and apolipoprotei 
Al (apoAl; the major protein component of HDL particles 
greater increases in apolipoprotein B (apoB; the major protei 
component of atherogenic lipoproteins like very-low-densil 
lipoprotein [VLDL], intermediate-density lipoprotein [IDL], an 
LDL), and greater decreases in the size of LDL particles.'” 

The composition of LDL particles is frequently abnormal i 
people with diabetes. The most commonly described abnormalit 
is small, dense LDL, a particle that may be particularly ather 
genic. In case-control studies of nondiabetics from the Stanfor 
Five-City Project!’ and the Physicians’ Health Study,'* small, dens 
LDL was shown to be associated with coronary artery disease. TF 
presence of the small LDL phenotype is inversely related 1 
triglyceride levels. Patients with T2DM and insulin resistance hav 
a preponderance of small, dense LDL. TIDM subjects from tt 
Pittsburgh Epidemiology of Diabetes Complications Study an 
the Diabetes Control and Complications Trial (DCCT)'® had an it 
creased frequency of the small, dense LDL phenotype, especial] 
in the setting of renal dysfunction. 

Although LDL cholesterol levels are usually not classified < 
elevated in people with diabetes, these “normal” LDL cholester: 
levels should be considered elevated given the effects of mode 
hyperlipidemia in the setting of diabetes. The mean LDL chole: 
terol level was 109 mg/dL for people with T2DM in the Stron 
Heart Study. Even at these low levels, LDL cholesterol was a signi 
icant independent predictor of vascular disease, with risk increasin 
linearly from an LDL cholesterol concentration of 70 mg/dL. 
In the United Kingdom Prospective Diabetes Study (UKPDS 
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FIGURE 47-1. Plasma lipid levels in treated type 1 and type 2 diabetic patients. Values were obtained from 22 dif- 
ferent studies in which age- and weight-matched diabetics were compared with a control group. Each point repre- 
sents mean values of diabetics divided by mean values of controls. (Reproduced with permission from Kern’) 


the mean LDL cholesterol level was 128 mg/dL for men and 
147 mg/dL for women. Even at these relatively “normal” levels, 
LDL cholesterol was a powerful predictor of coronary artery dis- 
ease in UKPDS." 


GLYCEMIC CONTROL AND DYSLIPIDEMIA 


Poor glucose control clearly exacerbates dyslipidemia. Improved 
glycemic control in both T1- and T2DM improves dyslipidemia. 
However, most of the improvement in lipid levels occurs after early 
routine measures to improve diabetic control rather than later after 
intensive adjustment of hypoglycemic medications. 

Glucose promotes hepatic lipogenesis. Since the flux of glucose 
through the liver is increased in T2DM, glucose alone can increase 
lipid content and promote dyslipidemia. Glucose can also modify 
lipoproteins. Like hemoglobin, which becomes glycosylated to 
form a marker for chronic glycemic control, components of lipopro- 
teins like apoB can become glycosylated. Because the extent of gly- 
cosylation is determined by circulating glucose concentrations, it is 
not surprising that more apoB molecules are glycosylated in LDL 
from subjects with diabetes compared with nondiabetics. Advanced 
glycation end products are also found in lipoproteins from people 
with diabetes." These compositional changes interfere with the 
clearance of LDL by the LDL receptor and prolong its residence 
time in the circulation. Glycoxidation of LDL in the vessel wall 
may contribute to atherogenesis"? (see Chap. 11). 


Type 1 Diabetes Mellitus 


In a typical population of 212 people with T1DM treated with 
conventional therapy, a 1% decrease in glycosylated hemoglobin 
was associated with an 8% decrease in triglycerides.” Ideal ther- 
apy of patients with TIDM includes multiple daily injections of 
insulin or the use of a continuous subcutaneous infusion of in- 


sulin. Institution of such therapy lowers triglycerides with near 
normalization of glucose levels. Changes in LDL and HDL levels 
are more variable. 

In the DCCT, intensive diabetes therapy was associated with a 
decrease in the incidence of retinopathy, nephropathy, and neu- 
ropathy. Intensive therapy was also associated with a decreased in- 
cidence of hypercholesterolemia, defined as an LDL cholesterol 
over 160 mg/dL.”! Triglyceride levels as well as LDL cholesterol 
levels were lower with intensive therapy, but HDL cholesterol did 
not increase.” The intensive therapy group manifested other poten- 
tially beneficial lipoprotein changes including a decrease in IDL, 
small, dense LDL, and lipoprotein(a) [Lp(a)].”? However, weight 
gain was more common in the intensive therapy group. Patients 
who experienced the most weight gain with intensive therapy also 
had more IDL, more dense LDL, and lower concentrations of HDL 
cholesterol, adverse lipoprotein changes that would be predicted to 
increase coronary artery risk." These data suggest that intensive 
insulin therapy alone, at least with current technologies, does not 
optimally decrease the vascular risk associated with diabetic dys- 
lipidemia in T1DM patients. 


Type 2 Diabetes Mellitus 


Evaluating the effects of glycemic control on plasma lipoproteins 
in patients with T2DM is difficult because of the heterogeneous 
therapeutic approaches to this disease. Substantial effects on dys- 
lipidemia are usually seen when therapy is initiated, regardless of 
the type of therapy. In previously treated patients for whom new 
therapies are added, lipoprotein effects are more modest. 

Weight loss (as little as 5 kg in some studies) achieved by diet 
and exercise improves dyslipidemia in patients with T2DM and im- 
paired glucose tolerance.”*** T2DM patients gain weight when 
either sulfonylurea or insulin therapy is initiated. Despite this 
weight gain, triglycerides decrease and HDL cholesterol increases 
as glucose levels fall. Acarbose, an a-glucosidase inhibitor that 
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lowers glucose by inhibiting carbohydrate metabolism in the intes- 
tine, has been shown to improve triglyceride metabolism.” 

There are currently two classes of insulin-sensitizing agents, 
biguanides and the thiazolidinediones. Both have favorable effects 
on dyslipidemia. These beneficial effects on lipoprotein metabo- 
lism may be greater than those seen with sufonylurea therapy be- 
cause both classes of drugs decrease insulin resistance and insulin 
concentrations in addition to lowering glucose. 

Metformin, a biguanide, has been available for use in the United 
States since 1995. The molecular mechanism of action for this drug 
is unknown, but metformin is known to decrease hepatic glucose 
output, promote insulin-mediated glucose disposal, and decrease 
fatty acid oxidation, all reflecting improved insulin sensitivity. Met- 
formin decreases triglycerides”* and may increase HDL cholesterol. 
Unlike insulin, sulfonylureas, and thiazolidenediones, metformin 
causes these improvements in dyslipidemia without causing weight 
gain. Adipose mass may actually decrease in some patients.” 

Thiazolidenediones include troglitazone, rosiglitazone, and 
pioglitazone. These drugs are ligands for peroxisome proliferator- 
activated receptor (PPAR)y, a nuclear receptor that activates gene 
transcription, particularly in adipose tissue and macrophages. The 
most clinical data are available for troglitazone, although this drug 
was removed from the market in 2000. In insulin-treated patients, 
the addition of troglitazone has little effect on diabetic dyslipi- 
demia.” When used as monotherapy even at low doses, troglita- 
zone causes considerable decreases in triglyceride levels in T2DM 
but increases LDL levels.°' Fewer data are available for the other 
thiazolidenediones, but both compounds lower triglycerides in ani- 
mals.??** One disadvantage of these compounds is that they can 
cause striking weight gain (see Chap. 32). 


PATHOPHYSIOLOGY 


The mechanisms underlying lipoprotein abnormalities in diabetes 
are complex. However, many of the same mechanisms contribute 
to metabolic profiles in both T1- and T2DM. In the simplest terms, 
dyslipidemia in diabetes is caused by the lack of appropriate in- 
sulin signaling. In untreated T1 DM, the defect is caused by insulin 
deficiency. In T2DM, the defect is caused by the combination of 
relative insulin deficiency and the inability of the insulin receptor 
to transmit its signal appropriately. 


Type 1 Diabetes Mellitus 


Diabetic ketoacidosis usually causes mild to moderate hyper- 
triglyceridemia. Decreased expression of the enzyme lipoprotein li- 
pase (LPL) appears to be mainly responsible. LPL catalyzes the 
rate-limiting step in triglyceride metabolism.’ LPL is made in 
multiple tissues, but the major sites of expression are cardiac mus- 
cle, adipose tissue, and skeletal muscle. The active enzyme is lo- 
cated at the capillary endothelium, where it hydrolyzes triglyc- 
erides of circulating lipoproteins. Fatty acids released by this 
process are available for uptake in muscle, where they are oxidized, 
and fat, where they are stored. Insulin is required for multiple steps 
of LPL expression including transcription, translation, and activa- 
tion of the enzyme, which involves glycosylation of LPL and trans- 
port of the protein to heparan sulfate binding sites at the capillary 
endothelium. In the setting of ketoacidosis, LPL activity is very 
low, leading to hypertriglyceridemia. Triglyceride levels improve 
rapidly with institution of appropriate insulin therapy, but mild dys- 
lipidemia can persist for months after a bout of ketoacidosis. In- 
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sulin rapidly activates available LPL in tissues, but restoration of all 
the levels of LPL regulation requires chronic insulin treatment.” 

Although the degree of hypertriglyceridemia in diabetic ke- 
toacidosis (DKA) is usually moderate, severe dyslipidemia can 
occur rarely with triglycerides exceeding 20,000 mg/dL. In this set- 
ting, triglyceride elevations may complicate initial management’ 
due to artifactual decreases in glucose and sodium. 


Type 2 Diabetes Mellitus 


T2DM is usually associated with obesity and insulin resistance. In- 
sulin resistance has multiple effects on lipid metabolism (Fig. 47-2), 
many of which are also relevant to well-controlled patients with 
TIDM who may have gained weight due to intensive insulin 
therapy. 

The hydrolysis of triglycerides in adipocytes is mediated by 
hormone-sensitive lipase (HSL). HSL activity is stimulated by cat- 
echolamines producing lipolysis and causing the release of fatty 
acids from adipocytes. In the absence of insulin resistance, HSL 
activity is exquisitely sensitive to suppression by insulin, and circu- 
lating fatty acid levels are low. In insulin resistance caused by obe- 
sity, insulin does not suppress HSL, lipolysis occurs unchecked, 
and fatty acid levels are elevated (step 1 in Fig. 47-2). 

Fatty acids are reesterified into triglycerides in the liver. In the 
presence of newly synthesized lipid, microsomal transfer protein 
(MTP) stabilizes apoB and allows the generation of new VLDL 
particles. In the absence of MTP (as in the rare condition a-beta- 
lipoproteinemia), no VLDL is secreted from liver. Increased VLDL 
production driven in part by synthesis of new triglycerides from 
circulating fatty acids is probably the most important reason for 
dyslipidema in T2DM (step 2 in Fig. 47-2). Inhibition of MTP ac- 
tivity is an attractive potential therapy for this condition.” 

Most individuals with T2DM and moderate hypertriglyc- 
eridemia have normal LPL activity (step 3 in Fig. 47-2). However, 
VLDL clearance tends to be decreased in these patients due to the 
expanded pool size of VLDL triglycerides. LPL at the capillary en- 
dothelium becomes saturated at triglyceride levels between 150 
and 250 mg/dL. Above these levels, VLDL particles have pro- 
longed circulating times that affect their interaction with HDL, re- 
sulting in triglyceride enrichment of HDL particles (see below). 

In T2DM patients with marked hypertriglyceridemia, heterozy- 
gous LPL deficiency may be responsible for the phenotype. Most 
humans with heterozygous LPL deficiency have a mild phenotype, 
but severe hypertriglyceridemia (see below) can be observed when 
the increased VLDL production rates of T2DM are combined with 
the impaired VLDL clearance of LPL deficiency.** LPL deficiency 
among people with diabetes does not appear to be common.”® 

IDLs are atherogenic and are increased in diabetes.” These 
particles are metabolized by hepatic lipase (HL; step 4 in Fig. 47-2) 
to LDL. HL activity is increased in T2DM“' and probably partici- 
pates in the conversion of LDL to small, dense LDL. 

The atherogenic particles IDL, LDL, and small, dense LDL 
have access to the subendothelial space of the vascular wall, where 
their presence contributes to the complicated evolution of athero- 
sclerotic lesions (step 5 in Fig. 47-2). LPL, which hydrolyzes 
lipoproteins at the capillary endothelium, is also expressed by ves- 
sel wall macrophages, where it appears to promote atherosclero- 
sis." Lipoproteins in the vessel wall are subject to oxidative 
modification that promotes their uptake by macrophages, leading 
to foam cell development. People with diabetes may be more likely 
to generate oxidized lipoproteins.“ Oxidized lipoproteins may in- 
crease vessel wall matrix components such as proteoglycans.*° 
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FIGURE 47-2. Pathophysiology of diabetic dyslipidemia. The diagram reflects mechanisms in type 2 diabetes. 
Many of the same mechanisms are operative in patients with type | diabetes. In the setting of insulin resistance, 
hormone-sensitive lipase (HSL) causes the release of fatty acids from adipocytes (step 1). In normal physiology, 
HSL is suppressed by low concentrations of insulin. Fatty acids are cleared by the liver, where they are re- 
esterified to form triglycerides. The synthesis of lipid in liver is associated with the stabilization of apolipoprotein 
B (apoB), a process mediated by microsomal transfer protein (MTP). ApoB is the major apolipoprotein for very- 
low-density lipoproteins (VLDLs). The increased production of VLDL is a major cause of diabetic dyslipidemia 
(step 2). VLDLs are metabolized by lipoprotein lipase (LPL. step 3) to generate intermediate-density lipoproteins 
(IDLs). These particles are metabolized by hepatic lipase (HL) to generate low-density lipoproteins (LDLs; 
step 4). HL is also important for the generation of small, dense LDL. IDL, LDL. and small, dense LDL all have 
access to the subendothelial space of the artery wall, where they initiate a complex series of events (step 5). 
Reverse cholesterol transport can occur when cholesterol in the vessel wall is transferred to high-density lipopro- 
teins (HDLs), in part through the action of ATP-binding cassette transporter | (ABC1; step 6). Cholesterol can be 
transferred to VLDLs (and other lipoproteins) through the action of cholestery! ester transfer protein (CETP, 
step 7). VLDL is then cleared by hepatic receptors such as the LDL receptor (LDLR) and the LDL receptor- 
related protein (LRP; step 8). Cholesterol can also be transferred to the liver directly through the interaction of 


HDL with a scavenger receptor (SR-B1I: step 9). 


Vascular calcification is associated with accelerated mortality in 
diabetes, and diabetic dyslipidemia activates osteogenic gene ex- 
pression in diabetic vasculature. Oxidized lipoproteins appear to 
initiate an inflammatory cascade associated with the released of cy- 
tokines and the recruitment of new cells including smooth muscle 
cells.” Inflammatory markers such as high sensitivity C-reactive 
protein predict vascular risk.“* 

The reverse cholesterol transport system utilizes HDL to move 
cholesterol from peripheral tissues such as the arterial wall to the 
liver for excretion. HDL levels are low and the composition of 
these particles is abnormal in diabetes, suggesting that reverse cho- 
lesterol transport is impaired. Recent discoveries of critical pro- 
teins involved in reverse cholesterol transport will help to clarify 
the role of this system in diabetic dyslipidemia. 

The removal of cholesterol from tissues requires ATP-binding 
cassette transporter | (ABC1).*? Mutations in ABC are responsi- 
ble for Tangier disease, characterized by absence of HDL choles- 
terol. In the presence of ABC], cholesterol is transferred to HDL 


particles (step 6 in Fig. 47-2). HDL delivers cholesterol to the liver 
by two pathways, an indirect one and a direct one. 

The indirect pathway is dependent on the interaction between 
HDL and triglyceride-rich particles such as VLDL. Cholesteryl 
ester transfer protein (CETP) moves esterified cholesterol from 
HDL to VLDL in exchange for triglyceride (step 7 in Fig. 47-2). 
This process is increased in diabetes.” Overexpression of CETP in 
mice increases experimental atherosclerosis.°' CETP produces 
VLDL particles that are enriched in cholesterol, making them more 
atherogenic. The process also produces triglyceride-enriched HDL 
particles, making them a better substrate for the elevated levels of 
hepatic lipase that ultimately metabolize HDL, leading to lower 
HDL levels.*? CETP also promotes the formation of small, dense 
LDL in diabetes. Cholesterol-enriched VLDL can be cleared by the 
low-density lipoprotein receptor (LDLR) and the LDLR-related 
protein (LRP) (step 8 in Fig. 47-2). 

The direct pathway involves the interaction between HDL and 
scavenger receptor, class B, type I (SR-BI) (step 9 in Fig. 47-2). 
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SR-BI is involved in a process that is different from receptor- 
mediated endocytosis. This receptor binds HDL, the cholesteryl 
ester in HDL is selectively transferred to the liver, and then 
the lipid-depleted HDL is released from SR-BI. The receptor can 
also bind VLDL and LDL. SR-BI knockout mice (genetically 
modified animals with a mutation in SR-BI) have more experimen- 
tal atherosclerosis,** whereas overexpression of SR-BI suppresses 
atherosclerosis.°* The role of SR-BI in diabetic dyslipidemia is 
unknown. 

T2DM may also be characterized by abnormalities of post- 
prandial lipoprotein metabolism.” After a fatty meal, chylomi- 
crons are generated by the intestine and rapidly metabolized to 
chylomicron remnants (similar in composition to IDL) that are 
cleared by the liver. However, current technologies do not allow the 
simple clinical evaluation of postprandial lipid metabolism. 


TREATMENT 


The Chylomicronemia Syndrome 


Extreme elevations of triglycerides (usually >2000 mg/dL) can 
cause a discrete clinical syndrome due to the presence of high 
concentrations of chylomicrons.°° The presentation can include 
pancreatitis, eruptive xanthomas, lipemia retinalis (the appearance 
of white arterioles and venules at fundoscopy), dyspnea, he- 
patosplenomegaly, and neurologic defects such as memory loss 
and carpal tunnel syndrome. Extreme hypertriglyceridemia does 
not uniformly cause the syndrome. People with uncontrolled dia- 
betes are frequently seen in specialty clinics with documented 
chronic, extreme hypertriglyceridemia (between 2000 and 10,000 
mg/dL) and no symptoms. The mechanisms underlying suscepti- 
bility to triglyceride-induced pancreatitis are unknown. 

Most patients with the chylomicronemia syndrome have dia- 
betes, but only a small percentage of people with diabetes develop 
this syndrome. People with diabetes and an underlying genetic 
hyperlipidemia are most likely to be affected. As noted above, the 
combination of heterozygous LPL deficiency and diabetes can 
cause the the syndrome, but familial combined hyperlipidemia 
(FCH) is a more likely contributor. FCH, an autosomal dominant 
phenotype that might be influenced by several different genes,” is 
present in about 1-2% of Western populations. It is characterized 
by the overproduction of hepatic lipoproteins, exacerbating the 
accelerated VLDL production seen in diabetes. However, chylo- 
micronemia is uncommon even in patients with diabetes and an 
underlying familial dyslipidemia. Additional factors are usually 
required. Common antecedents are obesity (which increases VLDL 
production by poorly defined mechanisms), ethanol, oral estro- 
gens, hypothyroidism (which decreases LPL activity and decreases 
lipoprotein clearance), thiazide diuretics, B-adrenergic blocking 
agents (except those with intrinsic sympathomimetic activity), high 
doses of gluococorticoids, and retinoids. 

In patients with no history of the chylomicronemia syndrome, 
appropriate therapies with potential for elevating triglycerides 
should not be withheld from diabetics with dyslipidemia. For ex- 
ample, beta blockers (despite their proclivity for raising triglyc- 
erides) decrease cardiovascular mortality in people with diabetes. 
It is prudent to measure serum lipids after instituting such therapy. 
In women with diabetes and hypertriglyceridemia, transdermal 
estrogen replacement therapy is preferred over oral estrogens be- 
cause of the tendency for the latter to increase triglycerides further. 
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In patients with the chylomicronemia syndrome, conservative 
therapy for the routine management of pancreatitis is indicated. 
The cessation of oral intake, the use of intravenous hydration, 
and treatment of hyperglycemia with insulin usually result in strik- 
ing decreases in triglycerides within days. Plasmapheresis has 
been used to treat this disorder.** This therapy does not normalize 
triglycerides, has not been shown to be superior to conservative 
therapy, alters intravascular volume in the setting of a disorder 
associated with severe volume shifts, and requires anticoagulation, 
which might carry additional risk in the patient with pancreatitis. 

In those with recurrent triglyceride-induced pancreatitis who 
anticipate becoming pregnant (which exacerbates hypertriglyc- 
eridemia), total parenteral nutrition or low-fat diets supplemented 
with medium-chain triglycerides may decrease pancreatitis risk. 
Surgery is not usually recommended for recurrent triglyceride- 
induced pancreatitis. However, surgically induced fat malabsorp- 
tion? has been used in severe cases with apparently good results. 


Clinical Trials Supporting the Use 
of Lipid-Lowering Medications in Diabetes 


Results of clinical trials designed to determine the effects of lipid 
lowering on cardiac endpoints in people with diabetes are in 
progress. Post hoc analyses of large trials that included subsets of 
diabetic subjects uniformly support the use of lipid lowering to de- 
crease vascular risk in people with diabetes (Table 47-1). 

The Scandinavian Simvastatin Survival Study (4S) random- 
ized men and women with stable angina or a history of myocardial 
infarction to placebo or simvastatin, an HMG-CoA reductase in- 
hibitor. The trial included 202 people with a clinical history of dia- 
betes.°' Although data on these individuals are important, they may 
not be representative of the average person with diabetic dyslipi- 
demia due to the lipid entry criteria of the trial. Participants had 
total cholesterol values between 212 and 309 mg/dL and triglyc- 
eride values <220 mg/dL. 

The primary endpoint of the 4S trial was total mortality. There 
were several secondary endpoints including major coronary events 
and any atherosclerotic event. The risk of major coronary events 
was decreased by 55%, the risk of any atherosclerotic event was 
decreased by 37%, and there was a trend toward less total mortality 
in simvastatin-treated diabetics. There were an additional 281 pa- 
tients in 4S with fasting glucose levels consistent with a diagnosis 
of diabetes, and 678 patients with impaired fasting glucose. An 
economic analysis of the trial using these larger subsets showed 
that simvastatin caused the greatest decrease in cardiovascular 
disease-related hospital days in people with diabetes.” 

The Cholesterol and Recurrent Events (CARE) Trial also used 
an HMG-CoA reductase inhibitor, pravastatin, in both men and 
women with known vascular disease. The trial included 586 diabetics 
with lower LDL cholesterol levels than those studied in 4S."" Lipid 
lowering in this diabetic subset decreased coronary events by 25%. 

Gemfibrozil, a fibrate drug, was used in men with vascular dis- 
ease and low levels of HDL in the Veterans Affairs HDL Interven- 
tion Trial (VA-HIT). There was no effect of drug treatment on LDL 
cholesterol levels, but HDL levels increased and triglyceride levels 
decreased. The trial included 630 diabetics, and there was a 24% 
decrease in death due to coronary heart disease or stroke in the 
members of this group randomized to gemfibrozil.™ 

Several other trials, including one primary prevention trial, 
have shown trends toward a reduction in cardiovascular risk with 
lipid lowering in people with diabetes. 
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TABLE 47-1. Summary of Important Lipid-Lowering Clinical Trials Including Patients with Diabetes 


No. of Subjects 


Trial Medication with Diabetes 
Scandinavian Simvas- Simvastatin (HMG- 
tatin Survival Study CoA reductase 


(4S) inhibitor) 


202 men and women 
(plus additional 281 
with undiagnosed 
diabetes at entry) 

Cholesterol After 586 men and women 

Recurrent Events 

(CARE) 


Pravastatin (HMG-CoA 
reductase inhibitor) 


Veterans Affairs HDL 
Intervention Trial 
(VA-HIT) 


Gemfibrozil (fibric acid 
derivative) 


630 men 


Dyslipidemia Management 


The results of UKPDS indicate that glycemic control has clear 
beneficial effects on microvascular disease but marginal effects on 
macrovascular disease.” One explanation is that some interventions 
lower glucose without affecting insulin resistance, a proatherogenic 
condition. Metformin-treated patients tend not to gain weight and 
have a reduction in insulin resistance as well as lower levels of 
triglycerides, making metformin a useful agent for glucose lower- 
ing in dyslipidemic T2DM patients with normal serum creatinine. 
In addition, a small subset in UKPDS had a reduction in cardiovas- 
cular endpoints.” 

Dyslipidemia frequently persists even with excellent glycemic 
control. Given the risk of coronary events in diabetics, including 
those with no history of vascular disease, treating dyslipidemia with 
medications should be considered in every person with diabetes 
soon after diagnosis, after glucose levels have stabilized. 

Optimal lipid levels for adults with diabetes™ include an LDL 
cholesterol <100 mg/dL, triglycerides <200 mg/dL, and HDL cho- 
lesterol levels >45 mg/dL. Many experts consider a normal triglyc- 
eride level to be <150 mg/dL since adverse compositional changes 
in LDL can be demonstrated above this level. It is useful to base 
lipid treatment decisions on fasting triglyceride levels. 


Triglycerides > 1000 mg/dL 

The rare patient with triglycerides >1000 mg/dL is at risk 
for pancreatitis. Marked restriction of dietary fat to <10% of 
caloric intake is required. Insulin is recommended instead of oral 
hypoglycemic agents to lower glucose levels in these patients. Fib- 
ric acid derivatives such as gemfibrozil (600 mg twice a day taken 
30 minutes before meals) or fenofibrate (160 mg once a day with 
meals) are indicated. Substantial lowering of triglycerides is un- 
likely without weight loss. For many, the goal is to maintain fasting 
triglycerides below 1000 mg/dL to decrease the risk of pancreatitis. 
The use of fish oil capsules (containing n-3 polyunsaturated fatty 
acids) can also be helpful. Fish oil (supplied as 1 g capsules con- 
taining at least 300-500 mg of docosahexanoic acid and eicos- 
apentanoic acid) should be administered as 1 capsule twice a day 


Lipid Outcomes for Clinical Outcome 


Baseline Lipid Diabetics in the Compared with the 
Values for Diabetics Treatment Group Placebo Group 
LDL: 176 mg/dL LDL decreased 36% 37% decrease in vascu- 
Triglycerides: Triglycerides lar events in diabetics. 
153 mg/dL decreased 11% Trend favoring less 
HDL: 42 mg/dL HDL increased 7% total mortality in 
treated diabetics 
LDL: 136 mg/dL LDL decreased 27% 25% decrease in coro- 
Triglycerides: Triglycerides nary events in 
164 mg/dL decreased 13% diabetics 
HDL: 38 mg/dL HDL increased 4% 
LDL: 111 mg/dL LDL did not change 24% decrease in death 
Triglycerides: Triglycerides due to coronary heart 
161 mg/dL decreased 31% diseasc or stroke in 


HDL: 32 mg/dL (for 
the entire study 
group) 


HDL increased 6% (for 
all subjects treated 
with gemfibrozil) 


diabetics 


with food and gradually increased to a total of 6—10 capsules a day. 
Gastrointestinal side effects are common. 


Triglycerides 400-1000 mg/dL 

A minority of people with diabetes have fasting triglycerides at 
this level. Since triglyceride levels are inversely related to HDL 
cholesterol levels, HDL levels may be very low in these patients. 

Diet (see. Chap. 26) and exercise counseling are indicated for 
every person with diabetes. Exercise is generally required for 
sustained weight loss. It improves dyslipidemia and is known to 
increase the expression of LPL in human muscle.” A graded exer- 
cise test is appropriate for sedentary diabetics over the age of 35 
before beginning an exercise program. Lower extremity protective 
sensation should be assessed and non-weight-bearing exercises 
such as cycling, rowing, or swimming recommended for those 
with sensory defects. A reasonable goal is 30 minutes of moderate 
physical activity on most days of the week; on average, 150 min- 
utes a week is recommended. Referral to an exercise physiologist 
may be helpful. but the physician providing individualized recom- 
mendations may enhance compliance. It may be helpful to keep 
a record of physical activity analogous to recording home blood 
glucose results. 

Fibrates (gemfibrozil or fenofibrate; see above for doses) are 
appropriate for these patients. These drugs are ligands for the 
nuclear hormone receptor PPARa.”’ Activation of this receptor 
increases fatty acid oxidation, leading to decreased hepatic lipoge- 
nesis and decreased VLDL secretion. This receptor also increases 
LPL activity, which clears VLDL particles and promotes the gener- 
ation of HDL particles. Fibrates lower triglycerides, increase HDL 
cholesterol, and increase the buoyancy of LDL particles. LDL cho- 
lesterol may increase modestly with fibric acid therapy. Fenofibrate 
may be preferred since it is administered once a day and the drug 
may be more likely than other fibrates to lower LDL cholesterol. 
These agents increase the lithogenicity of bile and should be used 
cautiously in patients with gallstones. Gastrointestinal side effects 
and erectile dysfunction can occur. The drugs displace warfarin 
from its binding sites: clotting parameters must be monitored 
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closely, and most patients will require a reduction in warfarin dose. 
Hepatic dysfunction and myositis can occur, especially when fi- 
brates are used in combination with other lipid-lowering agents. 

In the patient already being treated with insulin, extended re- 
lease niacin is an alternative. Niacin appears to work by decreasing 
the release of fatty acids from adipocytes (see step | in Fig. 47-2), 
thereby decreasing hepatic lipogenesis and VLDL synthesis. It is 
the most potent agent for increasing HDL cholesterol. Niacin in- 
creases glucose, which can be treated by increasing the insulin 
dose. In many obese dyslipidemic patients, the effect on glucose 
metabolism may be small. Flushing is common but not serious for 
most patients. It can be minimized by taking enteric-coated aspirin 
before each dose and by avoiding alcohol, spicy foods, and 
hot beverages. More serious side effects include macular edema 
(which is rare), hyperuricemia, hepatitis, and myositis. A once- 
nightly extended-release form of niacin (Niaspan™) appears to 
be tolerated well. Doses should be gradually increased to 1500- 
2000 mg a day at bedtime. 


Triglycerides 200—400 mg/dL 

Many people with T2DM will have levels in this range. 
Triglycerides at this level are associated with an increase in IDL, 
more small, dense LDL, and low HDL. Statin drugs (HMG-CoA 
reductase inhibitors) are the drugs of choice for this group. These 
drugs inhibit the synthesis of cholesterol, causing the induction of 
LDL receptors in the liver. Hence, LDL clearance is enhanced. At 
higher doses, all statins also lower triglycerides. The mechanism 
may be a combination of enhanced clearance of VLDL particles 
through the LDL receptor and inhibition of VLDL secretion. 
Statins also elevate HDL levels. 

Diabetics are unlikely to reach therapeutic goals on the stan- 
dard starting doses of statins. Simvastatin at 40 mg (given with 
food in the evening), atorvastatin 20 mg (given with food in the 
evening), and pravastatin 40 mg (taken at bedtime on an empty 
stomach) may be effective. Patients may complain of sleep distur- 
bances or difficulty concentrating with some statins; pravastatin 
does not penetrate the central nervous system and may be an option 
for these individuals.’' Muscle aches with completely normal mus- 
cle enzymes (CPK and aldolase) are common with statin use. The 
etiology of this effect is unknown. Some patients improve when a 
different statin drug is used. 

Liver dysfunction occurs in <1% of patients who use statins. 
Myositis is rare. The risk for these side effects increases with con- 
comitant use of erythromycin, cyclosporine, antifungal agents, and 
protease inhibitors used to treat HIV infection. The risk is also in- 
creased in patients treated with statins in addition to other lipid- 
lowering medications such as fibrates or niacin. 

Patients with dyslipidemia and established coronary heart dis- 
ease are at high risk for subsequent vascular events. Many experts 
use combinations of lipid-lowering drugs to reach therapeutic 
goals. Fenofibrate at 160 mg in the morning and simvastatin or 
pravastatin at 20 mg in the evening can have beneficial effects on 
multiple lipid parameters in patients with diabetic dyslipidemia. 
The combination of a statin with niacin may be considered in the 
patient at very high risk for coronary events who is taking insulin 
for glucose control. With combination therapy, liver function tests 
should be followed regularly, and patients should be warned about 
the symptoms of myositis and hepatitis. Combination therapy 
should not be used in patients with significant renal dysfunction or 
in those taking cyclosporine. 
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Triglycerides <200 mg/dL with LDL 

cholesterol >100 mg/dL 

Statins are the drugs of choice in this group. Bile acid seques- 
trants are available, but they can increase triglyceride levels, are not 
as potent as statins for lowering cholesterol, and are not tolerated as 
well as statins. In addition to statins, it may be appropriate to treat 
patients in this group, as well as diabetics with higher lipid levels, 
with fish oils (n-3 polyunsaturated fatty acids). The GISSI- 
Prevenzione trial showed that low-dose fish oil supplementation 
(1 g daily) decreased the risk of subsequent cardiovascular events 
in people with a history of recent myocardial infarction.” This trial 
included 405 diabetics treated with fish oil and 426 diabetics 
treated with placebo. 


Summary of Treatment Recommendations 


Diabetics are at high risk for atherosclerotic complications. Treat- 
ing dyslipidemia may decrease the risk of these complications. 
Every person with diabetes should receive dietary advice and exer- 
cise counseling. Many should also receive a lipid-lowering medica- 
tion, usually a statin. Lipid management is part of a comprehensive 
approach to treating vascular risk that should also include counsel- 
ing for smoking cessation, aspirin therapy, optimal blood pressure 
control, and consideration of need for an angiotensin-converting 
enzyme inhibitor. 
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CHAPTER 48 


Hypertension and Diabetes 


Norman M. Kaplan 


Hypertension and diabetes frequently coexist, in large part from 
underlying obesity. Hypertension is found in over 70% of all dia- 
betic patients,' and the risk for developing diabetes is almost dou- 
bled by the presence of hypertension even among nonobese people 
with blood pressure > 130/85 mm Hg.” When the two coexist, car- 
diovascular and renal complications occur at a much higher rate, at 
least twofold more frequently overall, and progressive nephropathy 
is many times more frequent. 

There may be a potential explanation for some of the increased 
prevalence of hypertension, nephropathy, and diabetes: Hyper- 
glycemia during pregnancy reduces nephrogenesis in the fetus.’ 
Just as maternal protein deprivation leads to a reduced number of 
nephrons, so could hyperglycemia. The infants of women with ab- 
normal glucose tolerance or overt diabetes would then be suscep- 
tible to more hypertension, diabetes, and nephropathy. 

Beyond the possible contribution to impaired fetal develop- 
ment, there are a number of other reasons for the increasing preva- 
lence of diabetes and hypertension. These include: 


e Increasing age of the population 

e Rapid growth of more susceptible populations including 
Hispanic Americans and African-Americans 

* Prolonged survival of those with type | diabetes 

e Expanding reach of medical care 

e Increasing prevalence of obesity due to decreased physical ac- 
tivity and increased caloric intake 


THE PREDOMINANT ROLE OF OBESITY 


The current U.S. population is likely the fattest of all time. Obesity, 
defined as a body mass index (BMI) >30 kg/m’, increased from 
12% of U.S. adults in 1991 to 17.9% in 1998.* The increase oc- 
curred in virtually every segment of the population, among both 
men and women, in teenagers to the elderly, and in all races and so- 
cioeconomic strata. 

With increasing BMI, the rate of type 2 diabetes mellitus 
(T2DM) increases markedly. A 5-kg weight gain doubles the nsk 
for diabetes, and the risk further increases with increased duration 
of being overweight.” Not surprisingly, cardiovascular mortality is 
increased with increasing BMI, with about 300,000 annual deaths 
attributable to the consequences of obesity in the United States.° 

The problem often begins in early childhood, when increased 
weight is associated with hyperinsulinemia, increased blood pres- 
sure, and dyslipidemia, particularly in those with greater central 
(visceral or abdominal) obesity.’ 


Prevention of weight gain in adults is difficult; it may be easier in 
children if they can be kept physically active, perhaps by turning off 
the TV and the computer.* The clinician should devote greater atten- 
tion to those who are both diabetic and hypertensive: In a European 
survey, only about 1 1% of type 1 diabetics had their hypertension ad- 
equately controlled.” Moreover, with tighter control of both type 1 
diabetes mellitus (T1DM) and T2DM, the associated weight gain 
may result in an increase in both blood pressure and dyslipidemia. '° 


INCREASING RECOGNITION OF THE PROBLEM 


All three recently published guidelines have emphasized the need 
for both earlier intervention at even lower levels of blood pressure 
for hypertensives with diabetes, and for more intensive therapy: 


e The JNC-6 places all diabetic patients in the highest risk cate- 
gory (group C), wherein immediate drug therapy is indicated if 
blood pressure is above 130/85 mm Hg.'! 

e The WHO-ISH places all diabetic patients with blood pressure 
above 140/90 mm Hg into risk group III (high risk), with a 
15-20% risk of a major cardiovascular event over the next 
10 years; those with blood pressure above 180/110 mm Hg are 
in risk group IV (very high risk), with a greater than 30% risk 
over 10 years." Drug therapy is recommended immediately 
for both groups. 

¢ The British Hypertension Society provides more specific risk 
assessment and recommends that drug treatment be started at 
140/90 mm Hg with a target of below 140/80 mm Hg." 


ASSESSMENT OF BLOOD PRESSURE 


Before therapy is begun, the presence and degree of blood pressure 
elevation must be carefully ascertained. Such an assessment should 
include out-of-the-office readings. 


Out-of-Office Measurements 


As with all patients, out-of-the-office measurements are needed 
both to establish the diagnosis and to monitor the management. 
White-coat hypertension is common, particularly among young 
type 1 diabetics, and if not recognized, may lead to misdiagnosis." 

Ambulatory blood pressure monitoring (ABPM) is best, but i1 
most likely will remain unavailable, because third-party payers 
often do not reimburse for the procedure. With ABPM, the common 
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lack of a nocturnal drop in pressure in diabetics can be recognized 
and should lead to more intensive control of the blood pressure.“ 


Recognition of Postural Hypotension 


All diabetics, particularly if over age 60, should have their blood 
pressure measured supine and standing, since postural and post- 
prandial hypotension is common and potentially hazardous. In a 
study of 204 type 2 diabetic subjects (average age, 58), postural 
hypotension was found in 28.4% and postural dizziness in 22.5%." 
If present, postural and postprandial hypotension must be managed 
before supine and seated hypertension is treated.’ 


NONPHARMACOLOGIC THERAPY 


Therapy for all hypertension should begin and continue with 
lifestyle modifications, even more so in the typically obese type 2 
diabetic. Despite the obvious attraction of lifestyle changes, they 
are hard to accomplish and may not be as protective as drug ther- 
apy. The high risk of even diet-controllable T2DM almost man- 
dates early and intensive antihypertensive drug therapy. 


Weight Loss 


Weight loss lowers blood pressure at least in part by improving in- 
sulin sensitivity.” 


Exercise 


Those who are sedentary and unfit may develop more diabetes 
whether lean or obese. Walking alone, without more vigorous ac- 
tivity, reduces the risk for diabetes and will lower blood pressure.'* 


The manner by which exercise helps both diabetes and hyperten- 
sion goes beyond a decrease in body weight. Exercise increases 
glucose uptake into skeletal muscles, making them more insulin 
sensitive. The effect was seen in mice without muscle insulin re- 
ceptors, suggesting a phenomenon mediated by nonmuscle cells or 
by downstream signaling events. "° 

The benefits of exercise in patients with diabetes include im- 
provement in glycemic control, lowering of blood pressure, reduc- 
tion in levels of triglyceride-rich VLDL, probable improvement in 
fibrinolytic activity, and reduction in cardiovascular disease. 


Moderate Sodium Reduction 


Moderate sodium reduction is safe and can be effective,” perhaps 
even more in those diabetics whose hypertension is related to vol- 
ume expansion from the renal impairment of nephropathy. More- 
over, the antiproteinuric effect of ACE inhibitors is markedly en- 
hanced by a lower sodium intake.”! But even without nephropathy, 
diabetic subjects need to reduce their sodium intake since insulin- 
resistant subjects have an impaired natriuretic response to high 
sodium intake.” 

The value of moderate sodium reduction is illustrated by a 
study in 34 type 2 diabetic hypertensive patients. A reduction of 
sodium intake of 60 mmol/d for 3 months was associated with a 
20-mm Hg fall in systolic pressure; when sodium intake was in- 
creased, the blood pressure rose 11 mm Hg.” 


Moderate Alcohol Consumption 


Diabetic subjects have been reported to obtain a protective effect 
against coronary disease by regular, moderate alcohol consumption 
(no more than 2 drinks a day) similar to that seen in several other 
groups” (Fig. 48-1). In addition to other mechanisms for cardio- 


FIGURE 48-1. Survival curves for coronary heart disease mortality over 13 years according to alcohol intake in 983 
older-onset diabetic persons in the Wisconsin Epidemiologic Study of Diabetic Retinopathy. (Reprinted with per- 


mission from Valmadrid et al.” ). 
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protection provided by alcohol, insulin sensitivity is improved.” 
The risk of T2DM was reduced by 42% among middle-aged Japan- 
ese men who drank moderately.” 

The type of alcoholic beverage is most likely irrelevant. Wine 
drinkers have the lowest risk for coronary disease, perhaps because 
of their healthier lifestyle; red wine drinkers have no greater pro- 
tection than white wine drinkers.” 


Cessation of Smoking 


As the most important lifestyle issue to be addressed, smoking may 
markedly aggravate insulin resistance in type 2 diabetics.” 


Others 


Dietary Fiber 

In a large population of young, healthy subjects, increased di- 
etary fiber intake was associated with lower body weight, lower 
waist-to-hip ratio, lower fasting insulin, lower blood pressure, and 
better lipid profiles.” 


Dietary Magnesium 

Low serum magnesium, but not low dietary magnesium intake, 
was a strong independent predictor of severity in type 2 diabetics in 
over 12,000 middle-aged people.” 


ANTIHYPERTENSIVE DRUG THERAPY 


The best documentation of the need to lower diastolic blood pres- 
sure to 80 mm Hg or below comes from the Hypertension Optimal 
Treatment (HOT) trial.?! Among the 19,000 participants in the 
trial, the only significant benefit to reducing the diastolic blood 
pressure to near 80 mm Hg was seen among the 1501 diabetic hy- 
pertensive subjects. They achieved a greater than 50% reduction in 
major cardiovascular events (Fig. 48-2). As in the HOT trial, to 
achieve the necessary goal of blood pressure <130/80 mm Hg usu- 
ally requires two or more antihypertensive drugs. 

In the population of 3642 type 2 diabetics screened for the 
United Kingdom Prospective Diabetes Study (UKPDS) but not en- 
tered into the trial, the progressive reduction in major cardiovascu- 
lar events seen with progressive reduction of systolic blood pres- 
sure from over 160 mm Hg to 110 mm Hg was accomplished by 
various antihypertensive drugs.*” 


FIGURE 48-2. The risk for major cardiovascular events in 25 
the 1501 diabetic patients in the HOT study according to 
the target diastolic blood pressure level. (Adapted with per- 
mission from Hansson et al.” ) 
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To provide the other essential corrections for concomitant | 
factors, multiple nondrug and drug therapies will be needed. ° 
benefits of such intensive therapy are impressive.” In this trial. 
diabetic subjects were randomly assigned to standard or more 
tensive therapy, the latter requiring a blood pressure below 140; 
HbA,, below 6.5%, total cholesterol below 5 mmol/L, and the 
of ACE inhibitors and aspirin plus multiple lifestyle modificatic 
At the end of 3.8 years of follow-up, those on intensive ther. 
achieved major benefits (Fig. 48-3). Such intensive therap 
though costly, would not only reduce morbidity and mortality, 
also lower lifetime medical costs.** 


Antihypertensive Drugs 


For those diabetic hypertensive patients without proteinuria 
low-dose diuretic may be the appropriate first choice with 
angiotensin-converting enzyme (ACE) inhibitor as a second d 
and a long-acting calcium channel blocker (CCB) as third. Be 
blockers, and to a lesser extent alpha-blockers, may also be ir 
cated. Rarely, central œ agonists may be useful. For those v 
proteinuria, an ACE inhibitor is mandatory (see Chap. 43). 
angiotensin II receptor blocker (ARB) should be substituted : 
cough precludes use of an ACE inhibitor. 


Diuretics 


Low doses of diuretics (e.g., 12.5 mg of hydrochlorothiazide) are 
fective and safe in diabetic patients, as shown in the Systolic Hyp 
tension in the Elderly Program (SHEP) trial.” A thiazide diur 
should be almost always included in the regimen and loop diure 
given only to those with serum creatinine above 1.5 mg/dL. 


Beta-Blockers 


Despite many warnings about their potential to aggravate diabe 
in various ways, beta-blockers may be effective and safe.*° TI 
are mandatory for those who survive a myocardial infarctior 
Since they tended to be more protective than ACE inhibitors in 
UKPDS trial” (Fig. 48-4), their use may increase. 


Alpha-Blockers 


In addition to their ability to relieve prostatism, alpha-blockers 
better than any other class for reducing insulin resistance and ` 
proving dyslipidemia.”* 


p < 0.005 for trend (n=1501) 


<90 mm Hg 


<85 mm Hg 
Target Diastolic BP 


<80 mm Hg 
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Progression to nephropathy 
Progression in retinopathy 
Progression in autonomic neuropathy 


Progression in peripheral neuropathy 


0 0.5 1 1.5 2 
Favors intensive treatment Favors standard treatment 
FIGURE 48-3. The development or progression of microvascular complica- 
tions in the 80 diabetic hypertensives assigned to standard treatment com- 
pared to the 80 patients assigned to intensive treatment. (Reprinted with 

permission from Gaede et al?) 


Calcium Channel Blockers 


Concerns persist about the safety of CCBs, particularly the dihy- 
dropyridines (DHPs), and particularly in diabetic hypertensive sub- 
jects. In their recent review, Abernethy and Schwartz” state: “At 
present, in view of the greater evidence of a benefit of angiotensin- 
converting-enzyme inhibitors and beta-blockers in patients who 
have hypertension and diabetes,” the relative paucity of data on 
calcium antagonists in these patients, and the recent finding that 
the risk of a vascular event may be increased during calcium- 
antagonist treatment in such patients, 4" calcium antagonists can- 
not be considered as first-line therapy for these patients.” 

As to their putative effect to increase coronary disease, the 
problem remains unique to large doses of short-acting agents and 
does not apply to long-acting agents. The safety of long-acting 
CCBs in patients with coronary disease was further documented in 
a 1-year follow-up of over 51,000 patients who were prescribed one 
of these agents after surviving an acute myocardial infarction.*? 


FIGURE 48-4. Kaplan-Meier plots of proportions of patients who died of 
diseases related to diabetes (myocardial infarction, sudden cardiac death, 
stroke, renal failure) in the less tightly controlled group and the more tightly 
controlled groups based on use of either captopril or atenolol. (Reprinted 
with permission from the UKPDS Study Group.” ) 
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Their relative likelihood of 1-year mortality was no different than 
those not prescribed a long-acting CCB. 

As to their particular effects in diabetes, most of the current ev- 
idence of a benefit from antihypertensive therapy in patients with 
diabetes comes from trials using DHP-CCBs* (Table 48-1). 

In both the ABCD trial*' and the FACET study,” those dia- 
betic patients given an ACE inhibitor had fewer cardiovascular 
events than those given a DHP-CCB, although the rates in those on 
CCBs were not increased beyond the expected numbers in those on 
no therapy. These results prompted Pahor and associates” to state 
that DHP-CCBs should not be used in diabetic hypertensives. 

Birkenhager and Staessen*’ defend the use of DHP-CCBs 
thusly: 


e The excellent protection found in Syst-Eur with nitrendipine 
was even better than that found in a similar group of hyperten- 
sive diabetics given a diuretic in the SHEP trial*® (Fig. 48-5). 
The comparability of the two groups of diabetic hypertensive 
patients is shown by the similar rates of various cardiovascular 
events in the placebo groups of each study, shown on the right. 
Of those who were treated, the nitrendipine-based regimen in 
Syst-Eur provided even better protection than did the 
chlorthalidone-based regimen in SHEP. 

e The major reduction in cardiovascular events in the 1501 dia- 
betic subjects given felodipine-based therapy in the HOT 
trial” (see Fig. 48-2). 

e The presumed lack of significant adverse effects in the am- 
lodipine quarter of the ongoing ALLHAT trial, with over 
15,000 diabetic patients enrolled, since the Safety Monitoring 
Committee has not called for a discontinuation of the DHP- 
CCB limb of the trial, now in its fourth year. 

+ Multiple defects in both the ABCD and FACET studies, which 
included protocol breaks, crossovers, and imbalances of other 
therapies. 


Additional evidence in defense of the benefits of CCBs for 
treatment of hypertensive diabetics comes from the results of the 
719 diabetics among the 6614 elderly hypertensives in the Swedish 
Trial of Old Persons with Hypertension-2 Study (STOP-2), the 
only completed trial that compared drugs from the three major 
classes: diuretics/beta-blockers, ACE inhibitors, and CCBs.** 
A lower rate of CHD and CHF was seen in those taking an ACE in- 
hibitor, but there was a lower rate of stroke and mortality in those 
on a CCB. 

The data now available provide no clear evidence that one class 
of drug is superior, although CCB-based therapy has been associated 
with fewer events than either diuretic- or ACE inhibitor—based 
therapy. 

At present, the bottom line seems to be that either DHP-CCBs 
or non-DHP-CCBs are frequently needed to control hypertension in 


TABLE 48-1. Rates of Events per 1000 Patients in the Seven 
Comparative Trials in Diabetic Hypertensives 


Total Events per 1000 Patients 


No. Pts. CHD CHF Stroke Mortality 
Diuretic and/or 1903 75 27 62 125 
B-Blocker 
ACE 1 1368 87 32 66 121 


CCB 1657 71 32 53 83 
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eae Diabetic Patients SHEP = Syst-Eur 
O syst-eur end points/1000 patient-years 
Mortality 35.6 45.1 
Cardiovascular 
avents 63.0 55.0 
Stroke 28.8 26.6 
FIGURE 48-5. Outcomes in the diabetic hypertensives en- 
rolled in the Systolic Hypertension in the Elderly Program 
(SHEP) or the Syst-Eur trial. The two right-hand columns Coronary events 32.2 23.1 


show the number of events per 1000 patient-years in the 
placebo groups in the two trials. The bars indicate the 95% 
confidence intervals. The numbers above the bars indicate 
the benefit of active treatments compared to placebo. 
(Reprinted with permission from Tuomilehto et al.”) 


most diabetics, particularly to prevent the progression of renal dam- 
age. They may be renoprotective even if they do not reduce protein- 
uria. In a 42-month follow-up of 48 proteinuric diabetics, the half 
given a DHP-CCB, nisoldipine, had no reduction in proteinuria, but 
a smaller fall in GFR than did the half given an ACE inhibitor.” 


Angiotensin-Converting Enzyme Inhibitors 


An ACE inhibitor should always be used for those patients with 
proteinuria. This should most likely be expanded to normotensive 
diabetics with microalbuminuria; over 4 years, 9 of 23 such pa- 
tients on placebo advanced in diabetic nephropathy, whereas only 2 
of 21 given captopril advanced.** 

Whether an ACE inhibitor should also be the drug of first 
choice for all diabetic subjects without microalbuminuria is less 
certain, but this is looking more and more likely. In the Captopril 
Prevention Project (CAPPP), those diabetic patients given capto- 
pril had fewer events than did those given diuretics and beta- 
blockers, whereas there was no difference in the nondiabetics.” On 
the other hand, the ACE inhibitor was somewhat less protective 
than the beta-blocker in the UKPDS trial, the largest and longest 
trial involving type 2 diabetic hypertensives” (Fig. 48-4). 

The renin-angiotensin system may be set inappropriately high 
in type 2 diabetics and it also may be less suppressed by high 
sodium intake, so this could be a theoretical reason to use ACE 
inhibitors. Certainly ACE inhibitors have been found to be protec- 
tive in diabetic patients who have survived a myocardial infarc- 
tion.”! In the Heart Outcomes Prevention Evaluation (HOPE) trial, 
the 9297 patients with known cardiovascular disease included 38% 
with diabetes; over the 4-6 year follow-up, a 17% risk reduction 
for diabetic complications was reported for those given the ACE in- 
hibitor ramipril compared to those assigned to placebo.” 

A Markov model simulating the progression of diabetic 
nephropathy was applied to patients 50 years of age with newly di- 
agnosed T2DM.” The analysis found that treating all patients with 
an ACE inhibitor at a yearly cost of $320 was about $15,000 per 
patient more expensive than screening for microalbuminuria and 
then treating with an ACE inhibitor. ACE inhibitor treatment was, 
however, associated with increased quality-adjusted life ex- 
pectancy at a cost:effectiveness ratio of $7500 per quality-adjusted 
life-year gained. 


-50% 0 


+50% 


Difference in Event Rate 
(Active Treatment vs. Placebo) 


As attractive as they are, ACE inhibitors may cause problems. 
They interfere with useful actions of angiotensin II such as va- 
sodilator responses in skeletal muscle arterioles,’ increase the 
tisk of hypoglycemia,** and may worsen renal function in patients 
with diabetic nephropathy.” On the other hand, the ACE inhibitor- 
induced cough, the most common side effect, may protect against 
aspiration in elderly people with a poor cough reflex, diminishing 
their incidence of pneumonia.” 


Angiotensin II Receptor Blockers 


For the 10% of patients given an ACE inhibitor who develop 
cough, an ARB is a logical alternative. Their more widespread 
usage is not recommended in any of the three recent guide- 
lines,''~'* but they are being widely promoted for initial therapy. 

These agents are in many ways similar to ACE inhibitors, but 
the renin-angiotensin system has three features that may give rise 
to differences in the benefits of ARBs versus ACE inhibitors™ 
(Fig. 48-6): 


1. Non-ACE alternative pathways for generation of angiotensin 
II have been recognized. In particular, the chymotrypsin-like 
serine protease chymase has been found in heart tissue and 
shown to have the ability to convert angiotensin I to angiotensin 
II, even in the presence of natural protease inhibitors.” 

2. Beneficial effects of the increased levels of bradykinin that 
accompany ACE inhibitors, but not ARBs, have been observed. 
These include adding to the antihypertensive effect of ACE in- 
hibitors,” providing an important source of vasodilation that is 
NO-mediated. In a rat hypertensive model, enhanced vascular 
ACE activity was found to induce endothelial dysfunction by 
impairing the bioavailability of endothelium-derived NO. Both 
increased angiotensin II formation and decreased brandykinin 
levels were thought to be at work.°®! ACE inhibitors also inhibit 
vascular smooth muscle cell growth.” 

3. Activation of the angiotensin II receptors. Most of the ad- 
verse effects of the renin-angiotensin system are mediated 
through the angiotensin I receptors, but increasing evidence 
supports beneficial effects mediated through the angiotensin II 
receptor, as shown in Fig. 48-6. Initial concerns that the 
increased levels of angiotensin II that circulate when the 
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FIGURE 48-6. The renin-angiotensin system with the sites of action of 
ACE inhibition and angiotensin I receptor blockade. 


angiotensin I receptor is blocked could induce deleterious ef- 
fects have been largely obviated by evidence that angiotensin 
II receptor stimulation is likely beneficial. For example, over- 
expression of the angiotensin II receptor activates the vascular 
kinin system and causes vasodilation.” 


Clinical Effects of ARBs 

The many ARBs now available seem equipotent and equally 
free of side effects, although angioedema has been noted.™ Losar- 
tan appears to be unique in having a modest uricosuric effect. 

ARBs reverse left ventricular hypertrophy and diminish pro- 
teinuria.”’ The only published outcome study comparing an ARB 
against an ACE inhibitor (ELITE I) suggested a better effect 
of losartan than captopril on heart failure. However, the larger 
follow-up trial (ELITE H) was reported to show no difference.® The 
apparent failure to confirm the preliminary evidence of a better out- 
come with losartan than captopril removes the only current evidence 
for a meaningful difference between ACE inhibitors and ARBs. An- 
other comparative trial in CHF patients, the Randomized Evaluation 
of Strategies for Left Ventricular Dysfunction (RESOLVD) study 
found no significant differences between the ARB candesartan and 
the ACE inhibitor enalapril.” The combination of the two was more 
beneficial in preventing left ventricular remodeling than either 
alone, whereas there was a trend toward fewer events with enalapril 
alone (which led to premature termination of the trial). 


The Potential for Additive Effects 

Since the two classes have different effects on various parts of 
the renin-angiotensin system, an additive effect may occur. Prelim- 
inary evidence has been reported for additive effects of the combi- 
nation of low doses of lisinopril and losartan on blood pressure.”" 


OTHER DRUGS FOR HYPERTENSIVE 
DIABETIC SUBJECTS 


Antidiabetic Agents 


In addition to chronic effects, hyperglycemia will acutely raise 
blood pressure, probably by activating the renin system.” As noted 
elsewhere, to achieve adequate glycemic control, most patients will 
require multiple therapies. There may be special vasodilatory ef- 
fects of glitazones mediated through increased NO synthesis.” 
Any therapy that improves insulin sensitivity or lowers insulinemia 
should have long-term vascular protective effects. 


Statins 


The 483 diabetic patients in the Scandinavian Simvastatin Survival 
Study had as much benefit as the remainder of the subjects.” Even 
though statins may not improve insulin sensitivity, they have va- 
sodilatory effects that may be additive to those provided by ACE 
inhibitors. $ 


Estrogen Replacement Therapy 


At least in Britain, fewer diabetic women were prescribed ERT 
than nondiabetic women. In a smaller number of obese type 2 dia- 
betics, ERT (with medroxyprogesterone) was associated with re- 
ductions in waist circumference, HbA., and cholesterol levels.” 
However, no data exist to support a cardiovascular protective effect 
of ERT in postmenopausal women with diabetes. 


Aspirin 
In the HOT trial”? aspirin (75 mg/d) reduced major cardiovascular 
events by 15%, all myocardial events by 36%, and had no effect on 


stroke. There were more bleeding episodes in the aspirin group, but 
no more fatal bleeding. 


CONCLUSION 


Hypertension and diabetes commonly coexist and pose a serious 
threat. Fortunately, significant protection can be provided. but the 
benefits may be hard to achieve. Clinicians must be more vigorous 
in applying more intensive therapy to this rapidly expanding, 
highly vulnerable population. 
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CHAPTER 49 


Heart Disease in Patients with Diabetes 


Lawrence H. Young 
Deborah A. Chyun 


INTRODUCTION 


Cardiovascular disease (CVD) is the leading cause of mortality and 
a major cause of morbidity in patients with diabetes mellitus. CVD 
results in large part from macrovascular coronary artery disease 
(CAD) and hypertension. The most common manifestations of 
CVD are angina, acute myocardial infarction (MI), heart failure, 
and sudden death. 

Coronary artery atherosclerosis is extremely common in pa- 
tients with type 2 diabetes mellitus (T2DM) and in patients with 
long-standing type 1 diabetes mellitus (T1DM). At an early stage, 
minor atherosclerosis is the nidus for further plaque buildup and the 
substrate for plaque rupture leading to acute coronary syndromes 
(unstable angina and acute MI). More advanced atherosclerosis sig- 
nificantly narrows the vessel lumen and restricts blood flow, leading 
to ischemia during exercise or emotional stress. Ischemia is some- 
times associated with angina or dyspnea, but in some diabetic pa- 
tients may be asymptomatic and therefore may not be detected by ei- 
ther the patient or physician. The first manifestation of CAD in such 
patients may be acute MI, heart failure, or sudden cardiac death. 

CVD in diabetic patients is not restricted simply to the mani- 
festations of CAD. The majority of individuals with T2DM have 
hypertension, which has an important role in the development of 
left ventricular dysfunction, heart failure, and atrial fibrillation, as 
well as being a risk factor for CAD. In addition, patients with dia- 
betes often have impaired endothelial function, a tendency toward 
thrombosis, and abnormalities in left ventricular function which 
adversely influence the clinical course of their heart disease once it 
develops. 


CORONARY ARTERY DISEASE 


Epidemiology 


Patients with both TIDM and T2DM are known to be at risk for the 
development of CVD. In the Framingham study the age-adjusted 
risk of CVD was 2-3 times greater in those with diabetes, prima- 
rily type 2 patients.' The average annual incidence of CVD was 
39/1000 in men with diabetes versus 19/1000 in those without dia- 
betes. In women with diabetes, the incidence was 27/1000 as com- 
pared to only 10/1000 in women without diabetes. In the recent 
United Kingdom Prospective Diabetes Study (UKPDS), there was 
a substantial risk of MI (17/1000 patient-years), stroke (5/1000 pa- 


tient-years), angina (7/1000 patient-years) and heart failure 
(4/1000 patient-years) in conventionally treated T2DM patients.” 

CVD is also a major cause of death in TIDM, often affecting 
patients during their fourth and fifth decades of life. In the Wiscon- 
sin Epidemiologic Study of Diabetic Retinopathy (WESDR), CVD 
was responsible for 30% of the deaths in type 1 patients, with the 
vast majority attributable to CAD.* In the Diabetes Control and 
Complications Trial (DCCT), the risk of cardiac events was 3/1000 
patient-years in conventionally treated patients.* Diabetes in- 
creases the risk of heart disease in all patients, but has a particularly 
adverse effect in women. In premenopausal women, CAD is ex- 
tremely unusual except in women with diabetes. In the Nurses’ 
Health Study, women with diabetes diagnosed before the age of 30 
had a 12-fold increase in their risk of MI and fatal CAD.* 


Etiology 


The mechanisms responsible for macrovascular CAD in patients 
with diabetes are complex. Some of the risk for accelerated athero- 
sclerosis in patients with T2DM can be attributed to the presence of 
multiple known cardiac risk factors, including hypertension, lipid 
abnormalities, and obesity.° These risk factors are also associated 
with the insulin resistance syndrome and often precede the onset of 
T2DM. This has led to the “common soil” hypothesis, which pos- 
tulates that similar genetic and environmental factors predispose 
both to the development of diabetes and CAD.’ Strategies to define 
the genes responsible for insulin resistance are currently under- 
way.* In addition to traditional risk factors, microalbumiuria”'? and 
elevation of blood homocysteine levels!!!” appear to be significant 
risk factors for CVD in patients with diabetes. 

Lipid abnormalities (see Chap. 47) are important contributors 
to the development of CAD, especially in T2DM. Insulin resis- 
tance and T2DM are often associated with reduced high-density 
lipoprotein (HDL) and increased triglyceride (TG) levels (see 
Chap. 47).'? Although elevations in low-density lipoprotein (LDL) 
cholesterol] are not specifically related to diabetes, increased 
atherogenicity may be related to the presence of oxidized and small 
dense LDL particles (see Chap. 47).'* Alterations in lipids are more 
pronounced in women than in men with T2DM and are associated 
with more central adiposity, hypertension, and higher fibrinogen 
levels.'*'6 

Hemostatic abnormalities have a role both in the atherogenic 
process and in promoting thrombosis once CAD is established. 
Alterations in factor VIII, von Willebrand factor, plasminogen 
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activator inhibitor, and platelet function are all associated with 
CAD in patients with diabetes.'""'? Lipid peroxidation may cause 
oxidative stress and contribute to increased platelet activation in 
patients with diabetes.’* Thus abnormalities in platelet function, 
thrombosis, and fibrinolysis likely contribute to the increased risk 
of CAD in patients with diabetes. 

Inflammation is also thought to be an important mechanism in the 
development of atherosclerosis. A number of inflammatory markers 
are increased in patients with diabetes, including C-reactive pro- 
tein,”™ fibrinogen, '**' and soluble cell adhesion molecules.”*™* Hy- 
perglycemia increases the concentration of advanced glycation end- 
products (AGEs), which may be responsible in part for inflammation 
in the vascular wall.” Additional cellular mechanisms that have been 
proposed to contribute to the vascular abnormalities in patients with 
diabetes include increased flux through the polyol pathway and dia- 
cylglycerol-mediated protein kinase C (PKC) activation.”° 


Pathology 


Coronary atherosclerosis primarily affects the epicardial or large 
surface arteries of the heart. Coronary plaques in patients with dia- 
betes have more lipid and macrophages than in control subjects.” 
CAD is generally more widespread in diabetes, with stenoses in a 
greater number of vessels and more obstructive lesions within each 
vessel.” In addition, diffuse disease involving long segments 
and/or the distal aspects of the artery may be present (Fig. 49-1). 
This is a critical finding, since distal disease adversely affects the 
suitability of the vessels for either percutaneous or surgical revas- 
cularization. In many cases, patients with diffusely diseased ves- 
sels can only be treated medically. Patients with diabetes also tend 
to have less collateral blood vessel development to areas supplied 
by arteries with severe stenoses.” This may reflect diminished an- 
giogenesis in the diabetic myocardium. Obstruction of the left 
main coronary artery is more common in diabetic patients and 
often requires surgical revascularization. 

Small vessel or microvascular disease has also been observed 
in myocardium from diabetic patients, including perivascular fibro- 
sis, thickening of myocardial capillary basement membranes, and 
microaneurysms.”*” The significance of these abnormalities is un- 
certain, particularly with regard to whether they limit coronary 
blood flow. In addition, functional abnormalities in the coronary 
endothelium are frequently seen in patients with diabetes (see 
below).™ Endothelial dysfunction may have an important role in 
limiting the augmentation of coronary blood flow during stress. 


Prevention 


The prevention of CVD in patients with diabetes is of paramount 
importance and requires a multifaceted approach to risk reduction 
(Table 49-1).* za Lifestyle recommendations should include inten- 
sive dietary management, weight control, regular physical activity, 
moderation in alcohol and sodium consumption, and smoking ces- 
sation when indicated. Hypertension (see Chap. 48) and dyslipi- 
demia (see Chap. 47) should be aggressively treated. All patients 
with diabetes should strive to maintain optimal glycemic control 
and should be taking daily aspirin. 

Exercise is an integral part of the management of both T1DM 
and T2DM, having beneficial effects on glycemic control, lipids, 
weight and blood pressure (see Chap. 23). However, individualized 
exercise recommendations are required in patients with peripheral 
or cardiovascular autonomic neuropathy, severe retinopathy, or 


FIGURE 49-1. Diffuse coronary atherosclerosis. Coronary angiogram 
showing diffuse atherosclerotic narrowing (arrows) of the lumen of the 
mid and distal portions of the left anterior descending (LAD) and distal left 
circumflex (LCX) arteries of a 62-year-old patient with T2DM. Note the 
relatively normal caliber of the proximal portion of the LCX as compared to 
the diffuse narrowing of the LAD. 


known CAD. Because of the possibility of unrecognized CAD, 
particularly in individuals with T2DM, these patients should gener- 
ally engage in moderate-intensity exercise regimens. Sedentary in- 
dividuals should always initiate exercise programs at a low level 
and gradually increase the intensity of exercise. All patients should 
be educated about the symptoms of myocardial ischemia and in- 
structed to report them to their physician if they occur. When pa- 
tients want to engage in high-intensity exercise, those with a long 
duration of diabetes, multiple CAD risk factors, or known diabetic 
complications should undergo screening for underlying CAD.” 
The benefit of hormone replacement therapy in the primary 
prevention of CVD in postmenopausal diabetic women remains 
controversial. Although the Heart and Estrogen/Progestin Replace- 
ment Study trial raised concern that hormone replacement might 
increase CVD events in women with known CAD,“ hormone re- 
placement as primary preventive therapy does not appear to have 
adverse cardiovascular effects. Case control studies suggest that 
the incidence of cardiac events may be lower in women who take 
hormone replacement.*! The current American Heart Association 
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TABLE 49-1. Primary Prevention of Cardiovascular Disease in Diabetic Patients 


Goal 
Blood pressure <130/80 


Lipids 

LDL <100 mg/dL 

HDL >45 mg/dL in men; >55 mg/dL in women 
Triglycerides <150 mg/dL 


HbA,,. 
<7% 


Physical activity 
Regularly 3—4 times per week for 30 minutes 


Weight 
BMI 21-25 kg/m? 
Waist circumference <102 cm in men and <88 cm in women 


Smoking 
Complete cessation 
Aspirin therapy 


Consider 


Estrogen replacement 
Consider 


Strategies 


Measured at each visit 
Lifestyle modification 
Medication 


Tested annually or every 2 years if low-risk 

Medical nutrition therapy 

Daily fat intake: <7-10% saturated fat and <200-300 mg cholesterol 
Regular physical activity 

Weight control 

Glycemic control 

Medication 


Tested 2-3 times annually if meeting goal; 4 times annually if above goal or therapy 
changed 

Medical nutrition therapy 

Weight control 

Regular physical activity 

Self-monitoring of blood glucose 

Education in self-management and problem solving 


Routinely assess physical activity and exercise status 

Moderate aerobic regimen 

Increase in daily activities 

With multiple CAD risk factors. complications or long duration of diabetes, consider 
screening for CAD 

Individualization of prescription 

Caution with peripheral neuropathy or cardiac autonomic neuropathy or proliferative 
retinopathy 


Height, weight, BMI. and waist circumference at each visit 
Weight control 

Regular physical activity 

Assess smoking status 

Counseling on prevention and cessation 


Provide counseling, problem-solving or coping skills training, and pharmacotherapy 


Consider enteric-coated aspiring 75-325 mg/d if age =40 years and | or more 
additional CAD risk factors 


Consider in post-menopausal women with multiple CAD risk factors 


BMI, body mass index: CAD. coronary artery disease: HDL. high-density lipoproteins; LDL, low-density lipoproteins. 


(AHA) guidelines support the use of estrogen in postmenopausal 
women,” particularly in women with multiple cardiac risk factors. 
Diabetic women should be taking daily aspirin before initiating 
hormonal therapy. 

Although glucose control is more strongly linked with mi- 
crovascular complications of diabetes than with macrovascular dis- 
ease, optimal glucose control is important to the control of lipid 
levels, and may have an impact on cardiac events (see below). ++ 
Both the American Diabetes Association (ADA) and AHA support 
the intensive treatment of diabetes with patient self-monitoring of 
blood glucose levels and target HbA,, concentrations <71%.* 


Asymptomatic Ischemia 


Diabetic patients sometimes have unrecognized CAD, causing 
asymptomatic episodes of myocardial ischemia. Asymptomatic or 
“silent” ischemia most often occurs in patients who also have 


symptomatic ischemia with angina, but some patients with diabete 
only experience asymptomatic episodes. Ischemia tends to occt 
more commonly without symptoms in diabetics than in nondiabe 
ics during treadmill testing,’ ambulatory electrocardiograph’ 
monitoring,* and coronary angioplasty balloon inflation.“ 

The significance of asymptomatic ischemia depends on the e) 
tent of compromised myocardium, with some diabetic patien 
having only minor regions of ischemia and others having major i: 
chemia. Of particular concer is asymptomatic ischemia which hi 
caused prior MI, decreased left ventricular function, heart failur 
or ventricular arrhythmias. These patients are at high risk for sut 
sequent cardiac events and therefore require complete evaluatio: 
usually including coronary angiography. 

The mechanisms responsible for asymptomatic CAD in di: 
betic patients may include cardiac autonomic neuropathy (se 
Chap. 44).*” The afferent sympathetic nerves contain fibers respot 
sible for pain awareness during myocardial ischemia. Although th 
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is an appealing explanation for silent ischemia, diabetic patients 
with painful ischemia also have alterations in cardiac sympathetic 
innervation."* These latter findings suggest that additional factors 
likely inhibit the diabetic patient’s awareness of ischemia. 


Diagnosis 

Routine electrocardiography sometimes reveals significant Q 
waves, deep T-wave inversions, or left bundle branch block 
(LBBB) in asymptomatic patients with diabetes. These findings 
should raise the possibility of a prior MI. In the Framingham study, 
12% of diabetic patients had electrocardiographic evidence of prior 
MI and no symptoms of CAD.” The current ADA recommenda- 
tions include a yearly electrocardiogram to evaluate older patients 
for the presence of CAD.” 

Asymptomatic CAD can also be detected through cardiac test- 
ing. Treadmill exercise electrocardiography is perhaps the least ex- 
pensive and most widely used approach. ST-segment depression oc- 
curs in 12-54% of asymptomatic patients.**°°°? Abnormal 
treadmill tests have been associated with retinopathy, male gender, 
and insulin treatment.*” However, standard exercise electrocardiog- 
taphy has limitations, including a relatively low sensitivity and a sig- 
nificant incidence of false positive tests (especially in patients with 
hypertension). In addition, a number of older diabetic patients are 
unable to exercise adequately, decreasing the utility of the test. 

Cardiac assessment with either myocardial perfusion imaging 
or echocardiography has a greater sensitivity and specificity than ex- 
ercise testing with electrocardiographic monitoring alone. These 
techniques can also be used along with pharmacologic stress 
(adenosine or dobutamine infusions) in patients who are unable to 
exercise well. The prevalence of asymptomatic myocardial ischemia 
detected by perfusion imaging ranges from 6-29% in patients with 
diabetes.**-* Predictors of abnormal perfusion studies include in- 
creasing age, higher cholesterol level, male gender. proteinuria, and 
ST-T wave abnormalities on resting electrocardiogram.” 

Myocardial perfusion imaging not only improves the detection 
of CAD, but is also a well-recognized predictor of adverse cardiac 
outcomes in the overall population with either known or suspected 
CAD.“ In one study of high-risk patients with TZ2DM (most of 
whom were asymptomatic), abnormal thallium perfusion imaging 
was associated with a 2.9-fold greater risk of nonfatal MI and a 
5.7-fold greater likelihood of a major event (MI or death).*’ A 
greater number of abnormal segments on perfusion imaging pre- 


dicted a higher incidence of subsequent events. Large, reversible 
myocardial perfusion defects are sometimes found in asympto- 
matic diabetic patients and indicate significant areas of potentially 
jeopardized myocardium (Fig. 49-2). 


Screening 

The strategy of screening the overall population of patients 
with diabetes for asymptomatic CAD remains highly controversial. 
The rationale for screening is that early detection of CAD will lead 
to interventions that will lower the risk of irreversible cardiac 
events (MI and death). An effective screening program incorpo- 
rates tests that not only accurately identify the presence of CAD, 
but more importantly have predictive value for future cardiac 
events. Clinical investigations, such as the Detection of Ischemia in 
Asymptomatic Diabetics (DIAD) study, are under way to address 
the efficacy of screening for CAD in patients with diabetes. 

The identification of asymptomatic CAD has clear implica- 
tions for the care of the diabetic patient. It strongly reinforces the 
need to reduce modifiable cardiovascular risk factors, which often 
requires multiple medications to optimally treat dyslipidemia and 
hypertension. In some patients it may lead to the initiation of lipid- 
lowering therapy. Although the ADA recommends that LDL cho- 
lesterol levels be less than 100 mg/dL, the current guidelines do not 
necessarily call for the initiation of pharmacologic therapy for lev- 
els between 100 and 130 mg/dL unless macrovascular disease is 
present.** A heightened concern for CAD can motivate efforts at 
smoking cessation and weight reduction, which otherwise may be 
difficult to accomplish. Once CAD is identified, physicians are 
more apt to assure the patient’s compliance with daily aspirin treat- 
ment and to consider the use of beta-blockers to prevent ischemia. 
Recommendations for regular exercise are reinforced with limita- 
tions placed on very strenuous activity which might place the pa- 
tient at risk for a cardiac event. 

Abnormal noninvasive cardiac testing in patients with diabetes 
sometimes results in coronary angiography. When critically 
blocked coronary vessels are detected, patients often undergo coro- 
nary revascularization with the rationale that the cardiac event rate 
will be reduced by such intervention. However, there are risks as- 
sociated with either percutaneous revascularization or coronary ar- 
tery bypass grafting which need to be carefully considered (see 
below), The efficacy of these procedures in improving outcomes in 
asymptomatic diabetic patients is unproven, although revascular- 


FIGURE 49-2, Asymptomatic ischemia. Myocardial perfusion images demonstrating a large defect in the anterolateral region (arrows) of the left ventricle on 
the exercise stress images (top row). which has largely resolved in the rest images (bottom row). This anterolateral ischemia was due to a 90% stenosis in the 
middle portion of the left anterior descending artery in an asymptomatic 54-year-old man with T2DM, hypertension, mild obesity. and low HDL cholesterol. 
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ization does improve outcomes in diabetic patients with mild 
angina and abnormal cardiac testing." The Bypass Angioplasty 
Revascularization Intervention (BARI) II trial, which is now under 
way to compare the utility of contemporary medical therapy with 
or without revascularization in diabetic patients, will help to clarify 
this important issue. At the current time, revascularization is gener- 
ally reserved for high-risk patients. 

The ADA has published guidelines for CAD screening and risk 
stratification in high-risk individuals with diabetes.” Exercise stress 
testing with myocardial perfusion imaging or echocardiography is 
recommended for risk stratification in the patient with cardiac 
symptoms or evidence of ischemia or MI on electrocardiogram. In 
the asymptomatic patient with diabetes, screening is considered in 
patients with peripheral or carotid occlusive disease, cardiovascular 
autonomic neuropathy, or multiple (2 or more, including microalbu- 
minuria) cardiac risk factors in addition to diabetes. 


Medical Treatment 


Once the diagnosis of CAD is made in patients with diabetes, an 
intensive effort is required to modify coronary risk factors, follow- 
ing many of the same principles outlined for the primary preven- 
tion of CAD (Table 49-1). A multifaceted approach should include 
aggressive treatment of dyslipidemia and hypertension, prevention 
of thrombosis with aspirin, and medications to reduce the occur- 
rence of myocardial ischemia. The goals of this intensive therapy 
are to decrease the likelihood of subsequent cardiac events and 
death, to slow the progression of coronary atherosclerosis, and to 
prevent ischemic symptoms. 


Anti-Ischemic Medication 

Specific therapy for angina in diabetic patients should include 
beta-blockers, which prevent ischemia and improve exercise toler- 
ance. Chronic beta-blocker therapy in diabetic patients with CAD 
reduces the cardiac event rate.” The overall benefit of these med- 
ications outweighs their potential for worsening glycemic control 
in patients with T2DM and for masking hypoglycemia in patients 
requiring insulin. However, they should be used with caution and 
should be avoided if possible in the presence of bronchospastic 
lung disease, active heart failure, and significant sinus or atrioven- 
tricular node disease. 

Angiotensin-converting enzyme (ACE) inhibitors have an im- 
portant role in the treatment of CAD in diabetic patients, particularly 
in the presence of heart failure, decreased left ventricular function, 
or hypertension (see below). However, they may also have a more 
generalized benefit in preventing cardiac events in diabetic patients 
with CAD. In the recent Heart Outcomes Prevention Evaluation 
(HOPE) study, ACE inhibitors decreased cardiac events in a broad 
group of patients which included diabetics with and without CAD.°! 
This benefit may derive from the stabilization of coronary plaques 
and prevention of unstable coronary syndromes. 

Nitrates are useful for the symptomatic relief and prevention of 
angina, but need to be used with caution in patients with autonomic 
neuropathy. Calcium channel blockers are also helpful in the treat- 
ment of angina and have an important role in controlling blood 
pressure in hypertensive type 2 diabetics. 


Lipids 

Treatment of lipid abnormalities is critically important in dia- 
betic patients with CAD. The beneficial effect of lipid lowering 
is both to stabilize existing plaque and prevent acute coronary 
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syndromes, and to slow the progression of atherosclerosis. Al- 
though diabetes does not increase LDL cholesterol, most diabetic 
patients with CAD benefit from treatment with an HMG-CoA re- 
ductase inhibitor (statin). In the Scandinavian Simvastatin Survival 
Study (4S), treatment with simvastatin decreased the coronary 
event rate by 40% over 5 years of follow-up in diabetic patients 
with high LDL cholesterol and known CAD.™ In the Cholesterol 
and Recurrent Events (CARE) study, there was a 25% reduction in 
cardiac event rate in diabetic patients with average LDL cholesterol 
levels who were treated with pravastatin.” Interestingly, in the 
Atorvastatin versus Revascularization Treatment (AVERT) study, 
high-dose atorvastatin treatment was as effective as angioplasty in 
reducing cardiac events and ischemia in mildly symptomatic pa- 
tients with low-risk stress tests.“ Although this study included pa- 
tients with diabetes, whether they had the same benefit as nondia- 
betic patients was not assessed. In addition, the angioplasty-treated 
patients did not receive as aggressive lipid-lowering treatment, so it 
remains uncertain as to whether angioplasty has an additional ben- 
eficial effect when combined with intensive lipid-lowering treat- 
ment. This issue is currently being evaluated in the ongoing Clini- 
cal Outcome Utilizing Revascularization and Aggressive Drug 
Evaluation (COURAGE) trial. 

Many patients with T2DM have pronounced abnormalities in 
HDL cholesterol and triglycerides with relatively normal concen- 
trations of LDL cholesterol. In these patients, treatment with fi- 
brates may be beneficial in preventing cardiac events. The Helsinki 
Heart Study suggested that gemfibrozil treatment reduced the inci- 
dence of CAD in patients with T2DM.® In the Veterans Affairs 
High-Density Lipoprotein Cholesterol Intervention Trial (VA HIT) 
study, gemfibrozil decreased cardiac events by 20% in patients 
with CAD who had low HDL (<40 mg/dL) and average LDL cho- 
lesterol (<140 mg/dL) levels.“ Some diabetic patients have high 
LDL cholesterol and low HDL/high triglycerides, which remain 
abnormal after treatment with a statin. In this case, the combined 
use of a statin and fibrate may be helpful in normalizing the lipid 
profile. However, there are no outcome data yet showing that this 
combination of drugs is better than either alone, and there is some 
potential for the development of myositis with combined therapy. 


Antithrombotic Agents 

Aspirin inhibits platelet thromboxane synthesis and aggrega- 
tion, preventing coronary thrombus formation in patients with dia- 
betes. Despite the increased platelet reactivity that occurs in dia- 
betic patients, cardiac events are reduced by relatively low doses of 
aspirin. In the Physicians Health Study, 325 mg of aspirin every 
other day reduced the incidence of MI by 60% in diabetic physi- 
cians.” In the Early Treatment Diabetic Retinopathy Study 
(ETDRS). 650 mg of aspirin per day reduced the cardiac event 
rates in diabetic patients. In the Hypertension Optimal Treatment 
(HOT) trial, 75 mg of aspirin reduced cardiovascular events by 
15% and the incidence of MI by 36% in patients with diabetes.” 
Thus it would appear that low-dose aspirin (75-325 mg per day) is 
etfective in reducing cardiac events in diabetic patients with CAD. 

A second mechanism involved in thrombosis is ADP-mediated 
activation of platelets. Agents such as ticlodipine and clopidogrel 
block this pathway and are effective in inhibiting platelet aggrega- 
tion. In the Clopidogrel versus Aspirin in Patients at Risk for Is- 
chemic Events (CAPRIE) study, clopidogrel was slightly more ef- 
fective than 325 mg of daily aspirin in preventing cardiovascular 
events.” Although diabetic patients were included in this study, the 
analysis did not specifically assess the efficacy of clopidogrel in 
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this subgroup. In addition, these agents are more expensive than as- 
pirin and may rarely cause granulocytopenia and thrombotic 
thrombocytopenic purpura. These agents are used routinely follow- 
ing coronary stent placement (see below) and in chronic CAD in 
patients allergic to or unable to take aspirin. 


Revascularization 


Careful consideration is warranted when deciding whether and by 
what means a patient with diabetes should undergo coronary artery 
revascularization. The number, location, morphology, and extent of 
coronary stenoses are the primary features determining the appro- 
priateness of percutaneous intervention or coronary artery bypass 
grafting (CABG). The presence of left main stenosis, multivesse] 
disease, or long complex proximal lesions favors the use of CABG. 
This assumes that the distal vessels are suitable targets with good 
run-off, and that the patient does not have excessive comorbidity. 
In the case of a single discrete proximal stenosis, current trends 
favor the use of percutaneous intervention when technically feasi- 
ble. In a small number of patients with diabetes, coronary angiog- 
raphy reveals multivessel disease, which is technically suitable for 
either percutaneous intervention or CABG. Management of these 
patients remains controversial as discussed below. 


Coronary Artery Bypass Grafting 

CABG has an important role in the management of CAD pa- 
tients with diabetes, who generally derive excellent symptomatic 
improvement from this procedure. In the current era, patients with 
diabetes have a 95-99% chance of surviving the initial surgery.’'-”? 
In-hospital mortality is higher in older patients and when surgery is 
performed on a nonelective basis following presentation with un- 
stable angina or MI.’”* Gender also has an impact on the risk of 
CABG in patients with diabetes,’*”> with women having a twofold 
higher operative mortality than men.” 


Operative Complications 

Diabetic patients are at somewhat increased risk for both car- 
diac and noncardiac complications associated with CABG. The 
most serious complications are postoperative MI, stroke, renal fail- 
ure, and sternal wound infection.’*"”° The development of a new Q- 
wave MI is a serious complication of CABG that occurs slightly 
more often in patients with diabetes compared to those without di- 
abetes.’*"”” In the BARI trial, new Q-wave MI was found in 5.8% 
of the patients with diabetes versus 4.3% of those without diabetes. 
Potential causes of MI are ischemia prior to cardiopulmonary by- 
pass, an inability to graft diseased vessels, and air or atheroscle- 
rotic coronary embolization. 

Patients with diabetes are also at increased risk for stroke dur- 
ing CABG. The incidence of stroke is twice as high in diabetics as 
in nondiabetics and ranges from 2—4% in patients with diabetes.” 
Older patients with diabetes with a history of prior stroke, as well 
as those with calcification of the ascending aorta or renal failure,”® 
are at particular high risk, and these indications sometimes mitigate 
against proceeding with surgery. 

Postoperative renal failure occurs more commonly in patients 
with diabetes.” Those with preoperative renal insufficiency are at 
particular risk and the use of ACE inhibitors immediately post- 
CABG may precipitate oliguria in these patients.” Preoperative 
renal insufficiency is also a marker of general risk during CABG, 
since it often occurs in older patients with diabetes and those 
with peripheral vascular disease, hypertension, or left ventricular 


dysfunction.**? Diabetic patients on dialysis are at particularly 


high risk, with operative mortalities as high as 10-15%.*? These 
patients often require more prolonged mechanical ventilation, and 
more frequently develop atrial fibrillation and gastrointestinal com- 
plications following CABG. 

Sternal wound infections occur in 8-10% of diabetic patients 
undergoing CABG, which is three- to fivefold more often than in 
nondiabetic subjects.’'** The majority of these are successfully 
treated with antibiotics, but occasionally operative debridement is 
necessary. The risk of sternal wound infection may be increased 
when preoperative blood glucose levels are >200 mg/dL.**-* Al- 
though there is some concern that the use of one or both internal 
mammary artery (IMA) grafts may devascularize the sternum and 
predispose to sternal complications in diabetic patients, recent in- 
vestigations have not found a relationship between the type of graft 
and infection.’'*” Antibiotic prophylaxis is given within the 2 
hours preceding surgery to minimize the risk of infection.” 


Long-Term Outcomes 

Although most diabetic patients derive significant sympto- 
matic benefit from CABG, they do have somewhat less favorable 
long-term outcomes than those without diabetes. Compared to non- 
diabetic subjects, the overall survival of diabetic patients after 
CABG is reduced from approximately 90% to 80% at 5 years, and 
from 80% to 65% at 7-10 years.’*”> This reflects in part their more 
advanced cardiac disease and comorbidity at the time of surgery. 
Predictors of worse long-term outcomes following CABG include 
preoperative stroke, hypertension, heart failure, high glucose lev- 
els, proteinuria, multivessel disease, male sex, left ventricular dys- 
function, and surgery with less than three grafts.’*75* 

A higher incidence of angina and heart failure also occurs fol- 
lowing CABG in patients with diabetes.’> This relates to less com- 
plete revascularization due to the presence of diffuse disease, more 
rapid progression of native disease, increased risk for saphenous 
vein occlusion, and a tendency to have or develop heart failure (see 
below). However, the BARI trial reported that over a 7-year period, 
repeat CABG was performed in only 2% of patients and PTCA in 
9% of patients.” 

The use of an IMA graft during CABG is important in the 
overall population, but appears to be critical in patients with dia- 
betes.’''”*’’ The long-term patency of the left IMA is superior to 
that of saphenous vein grafts. In the BARI trial, the 5-year cardiac 
mortality after CABG was less than 2% in those who received an 
IMA graft.” The 7-year total mortality was 17% when an IMA 
graft was used, but 45% when only saphenous veins were uti- 
lized.” This may relate in part to the protection afforded by graft- 
ing the left IMA to the left anterior descending artery, which sup- 
plies the important anterior wall of the left ventricle. Following 
revascularization with either CABG or PTCA for multivessel dis- 
ease, patients with diabetes have an 8% risk of developing a Q- 
wave MI over the next 5 years. In these patients survival at the time 
of MI is considerably better if they have had prior CABG.”! 


Percutaneous Transluminal Coronary 

Angioplasty 

Percutaneous coronary intervention most commonly involves 
PTCA or intracoronary stent placement in patients with diabetes. 
Coronary atherectomy and laser and rotablator interventions are 
much less commonly utilized. Percutaneous intervention has an 
important role in the treatment of single-vessel CAD in diabetic pa- 
tients. It results in excellent symptomatic improvement in diabetic 
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TABLE 49-2. Outcomes in Patients with and without Diabetes Following PTCA without Stenting 


Series Follow-Up Subjects 
Kip er al.” 9 years DM = 281 
NHLBI Registry NonDM = 1833 
1985-86 
Marso et al.” 2 years DM = 537 
Registry NonDM = 2247 
1993-95 
Stein er al.” 5 years DM = 1133 
Elective PTCA NonDM = 9300 
Emory 
1980-90 


Survival MI CABG Re-P 
64% 29% 37% 44 
82% 19% 27% 37 
86% 

93% 
88% 19% 23% 25' 
93% 11% 14% 21 


MI, myocardial infarction; CABG, coronary artery bypass grafting; PTCA. percutaneous transluminal coronary angioplasty: DM, = diabetes mellitus; NHLBI = National Hei 


Lung and Blood Institute. 


patients with angina. Percutaneous interventions are also attractive 
in that they avoid the initial complications of CABG in patients at 
high risk for surgery because of significant comorbidity. 


Complications 

The primary initial risk of PTCA is coronary occlusion leading 
to MI. Although the early use of PTCA was associated with in- 
creased rates of nonfatal MI and death in diabetic patients,” the 
current results have improved and are comparable to those in non- 
diabetics. PTCA is now successful in over 99% of diabetic pa- 
tients, with an overall mortality of 0.4-1%.’”""* The risk of MI 
(evidenced by an increase in cardiac enzymes) is 3-5%, but signif- 
icant or Q-wave MI occurs only in 0.5-2% of diabetic patients. The 
risks are higher in multivessel angioplasty. The use of intensive an- 
tiplatelet treatment, including the glycoprotein IIb/IIIa antibody 
fragment abciximab, has substantially lowered the risk of thrombo- 
sis formation, MI, and death during PTCA in diabetics.” When 
PTCA fails, urgent CABG is required in 0.5% of diabetic patients. 

In addition to the cardiac risks, percutaneous coronary inter- 
ventions may cause vascular complications or renal failure, partic- 
ularly in older diabetic patients with underlying diffuse vascular 
disease and renal insufficiency. Stroke due to embolization of 
atheromatous material or thrombus from the aorta is the most seri- 
ous vascular complication, and occurs in 0.2-0.6% of diabetic pa- 
tients undergoing PTCA.’”* Atheroembolic showering to the kid- 
neys, mesenteric circulation, and periphery rarely occur. Femoral 
artery catheterization may be complicated by retroperitoneal bleed- 
ing, femoral hematoma, femoral or iliac artery occlusion, or 
pseudoaneurysm formation. Patients with diabetes are also at in- 
creased risk for contrast nephropathy, which may be prevented in 
part by forced diuresis’ and the administration of the antioxidant 
acetylcysteine.”° 


Long-Term Outcomes 

The long-term outcomes of PTCA in diabetes are less favor- 
able than in nondiabetic patients (Table 49-2) 97-93-97 Following 
PTCA, mortality was twofold higher in diabetic than in nondia- 
betic patients over follow-up periods ranging from 2-9 years, with 
differences evident as soon as 1.5 years after PTCA.” Diabetic pa- 
tients experience more MIs following PTCA than nondiabetic pa- 
tients. They also have a greater need for CABG and repeat PTCA 
due to recurrent ischemia.” Patients with diabetes, as well as older 
patients and those with decreased left ventricular function, heart 
failure, multivessel disease, and proteinuria have decreased sur- 
vival after PTCA.°7°*-97-°8 


A major determinant of the adverse long-term outcomes ° 
PTCA in patients with diabetes has been the high rate of resten: 
Restenosis occurs in 25-40% of diabetics within the first 
months after PTCA and often leads to the recurrence of sy 
toms.”-'"' In small or diffusely diseased vessels, and in saphe1 
vein grafts the restenosis rate is in excess of 50%. Restenos 
often symptomatic, requiring repeat PTCA or CABG, but when 
recognized may contribute to long-term mortality in patients ` 
diabetes following angioplasty. 

The increased incidence of restenosis following PTCA in 
betics is attributed in part to the smaller intraluminal diarr 
achieved during the balloon dilatation, and in part to the acct 
ated neointimal hyperplasia which occurs in these patients.’ 
The latter reflects greater impairment in endothelial function 


increased smooth muscle cell proliferation. Increased thron 


formation at the site of balloon dilatation may trigger the sm: 
muscle cell response, which may then be enhanced by hyperi 
linemia and insulin-like growth factor-1. 


Intracoronary Stents 

The use of intracoronary stents has improved the outcom 
percutaneous coronary revascularization. With recent progres 
the development of stents and device delivery technology, st 
are now used in the majority of interventional procedures.“ 
Coronary stents achieve a greater luminal diameter than PT 
They also prevent the coronary artery dissection that someti 
complicates PTCA and can lead to complete vessel occlusion 
MI. The development of smaller stents has also permitted | 
more widespread use in patients with diabetes. 

The outcomes of intracoronary stents in patients with diab 
have been evaluated in a number of studies over the last 5 y 
(Table 49-3),2?-'0'-'6!°7 Initial reports suggested a 1.5-2 ti 
higher rate of early thrombosis and later restenosis following s 
placement in diabetic patients. Increased restenosis in patients ' 
diabetes reflects greater neointimal proliferation through the s 
and results in a more frequent need for repeat revascularizat 
Restenosis is a particular problem in patients treated with inst 
who also have a lower cardiac event-free survival.'” 

Recent studies have demonstrated that diabetic patients be: 
from vigorous initial antiplatelet therapy after stent placer 
Standard therapy during stent placement includes aspirin, clop 
grel and heparin, followed by aspirin and clopidogrel for 
weeks, and then indefinite aspirin therapy. With the additional 
of abciximab prior to device delivery and for 12 hours afterwe 
the risks of stent thrombosis and resulting MI have decre: 
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TABLE 49-3. Restenosis in Patients with and without Diabetes After PTCA with Stenting 


Series Follow-Up 
Abizaid er al.'® 12 months 
Consecutive pts. 
1994-96 
Elezi er al." 12 months 
Consecutive pts. 
1992-97 
Gowda et al.!°° 12 months 
Non-Q-wave MI 
1992-96 
Silva er al.'” 6 months 
Acute MI primary stenting 
1995-97 
Van Belle et al.” 6 months 


Consecutive pts. 

1994-96 

*Target vessel revascularizalion. 
+Any revascularization. 


PTCA, percutaneous transluminal coronary angioplasty; DM, diabetes mellitus. 


Restenosis 
Subjects Angiographic Clinical 

DM (insulin) = 97 28%* 
No insulin = 151 18% 
Non-DM = 706 16% 
DM = 715 38% 23%* 
Non-DM = 2839 28% 18% 
DM = 77 40%+ 
Non-DM = 299 28% 
DM = 28 14%* 
Non-DM = 76 1% 
DM = 56 25% 

Non-DM = 244 27% 


Angiographic restenosis = restenosis detcrmined by routine follow-up angiographic evaluation. 


Clinical restenosis = recurrence of symptoms leading to angiography and subsequent revascularization of the initially stented stenosis. Target vessel = vessel initially stented. 


TABLE 49-4. Outcomes with the Use of Glycoprotein lib/Illa Blockade During Percutaneous Intervention Stenting in Patients with and 


without Diabetes 


Series Follow-Up Subjects Death + MI Target Vessel Revascularization 
Kleiman et al.” 6 months Diabetic 
EPILOG Placebo = 224 "15% 16% 
1995 Rx = 414 6% 21% 
Nondiabetic 
Placebo = 714 10% 19% 
Rx = 1435 6% 15% 
Marso er al.'® 6 months Diabetic 
EPISTENT Stent = 173 13% 17% 
1996-97 Stent + Rx = 162 6% 8% 
PTCA + Rx = 156 8% 18% 
Nondiabetic 
Stent = 636 11% 9% 
Stent + Rx = 632 5% 9% 
PTCA + Rx = 640 8% 15% 


Rx, abciximab (monoclonal antibody fragment blocking the platelet glycoprotein Hb/AiMa receptor); MI, myocardial infarction: PTCA, percutaneous transluminal coronary angio- 


plasty; target vessel, vessel initially stented or angioplasticd. 


considerably. In addition, intensive early platelet inhibition may 
also prevent platelet vessel wall interaction, which is important in 
initiating the restenosis process. The multicenter Evaluation of 
Platelet IIb/IIIa Inhibitor for Stenting (EPISTENT) trial also 
demonstrated that infusion of abciximab reduced by half the need 
for repeat coronary revascularization during the 6 months follow- 
ing stent placement in diabetic patients (Table 49-4).°*'" In addi- 
tion, combined rates of death and MI were also reduced in diabetic 
patients at 6 months. 

The use of stents in diabetic patients is a rapidly evolving field. 
Although the intermediate-term results are encouraging, long-term 
outcomes and the use of stents in patients with multivessel CAD re- 
mains to be determined. The effect of other glycoprotein IIb/IIIa in- 
hibitors (tirofiban, eptifibatide) on stent outcomes in diabetes needs 


to be further evaluated. Finally, biologically-coated stents and 
brachytherapy (local radiation to prevent neointimal proliferation) 
are emerging as important approaches to preventing restenosis in 
diabetic patients. 


Multivessel Disease 

Patients with diabetes are often found to have multivessel 
CAD. The majority of these patients are clearly best revascular- 
ized by CABG, but a subgroup have localized stenoses that are 
potentially amenable to either CABG or multivessel percutaneous 
intervention. 

These different strategies have been compared in both 
randomized clinical trials and observational studies (Table 
49-5) ,7791.109-112 A major concern about the use of multivessel 
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TABLE 49-5. Comparison of Outcomes Following PTCA and CABG for Multivessel Coronary Revascularization in Patients with Diabetes 


Series Follow-Up Subjects 

BARI Investigators” 5 years PTCA = 173 
CABG = 170 

BARI RCT 

1988-91 

King et al.” 8 years PTCA = 29 

EAST RCT CABG = 30 

1987-90 

Detre er al.”! 5 years PTCA = 182 

BARI Registry CABG = 117 

1988-91 

Barsness er al.''° 5 years PTCA = 144 

Database CABG = 626 

1984-90 

Gum eral.!"! 6 years PTCA = 279 

Database CABG = 246 

1987-90 

Weintraub et al.!” 5 years PTCA = 834 

Database CABG = 1805 

1981-94 10 years 


Subsequent 
Survival CABG PTCA 

66% 

81% 

60% 

16% 

86% 

85% 

76% 33% 36% 
74% 2% 6% 
63% 64% 

70% 8% 

18% 26% 42% 
76% 2% 6% 
45% 49% 53% 
48% 13% 19% 


CABG, coronary artery bypass grafting; PTCA, percutaneous transluminal coronary angioplasty: RCT. randomized clinical trail. 


PTCA was raised by the BARI trial, which randomized patients to 
either PTCA or CABG in the late 1980s.” In the subgroup of pa- 
tients with diabetes (on treatment), both the cardiac and overall 
mortality were higher in those undergoing PTCA than in those 
treated with CABG after 5 years.’””''? In contrast, there was no 
survival difference observed in the nondiabetic patients. In dia- 
betic patients receiving an IMA graft during CABG, the cardiac 
mortality at 5 years was only 3%, while in those in whom only 
saphenous vein grafts were used the mortality was 18%, which 
was similar to that seen with PTCA (21%). The survival advan- 
tage associated with CABG in diabetic patients occurred despite a 
higher risk of Q-wave MI (6% versus 1.4%) and in-hospital mor- 
tality (1.2% versus 0.6%) at the time of the initial procedure. 
Other randomized clinical trials have included patients with dia- 
betes and overall have also shown a survival benefit from 
CABG. 109.114.115 

The adverse outcomes of PTCA in multivessel CAD in dia- 
betes led to an alert, cautioning about the use of multivessel an- 
gioplasty in patients with diabetes,''® and to the suggestion that 
multivessel PTCA be abandoned in diabetic patients.''’ However, 
in nonrandomized studies, the survival with multivessel PTCA 
and CABG has been equivalent.''™''? This may be explained in 
part by the tendency of patients treated with CABG to be at 
higher risk than those treated with angioplasty in nonrandomized 
studies. In addition, completeness of revascularization is better in 
subjects undergoing CABG (79-81%) as compared to those un- 
dergoing angioplasty (16—42%).'''!'? Although CABG is often 
the preferred means of revascularization in diabetics, percuta- 
neous revascularization may be warranted in the future with the 
use of coronary stents, more effective platelet inhibitors, intensive 
risk factor management, and careful observation following the ini- 
tial procedure. 


Acute Myocardial Infarction 


Acute MI is a common event in patients with diabetes. The inci- 
dence of MI in patients with T2DM was approximately 15 per 
1000 patient-years in the UKPDS, while the incidence of fatal MI 
was 7 per 1000 patient-years.” MI may occur without the warning 
of prior angina, and patients may have atypical symptoms which 
delay their seeking medical attention. In some cases, these patients 
succumb to ischemic arrhythmias and never reach the hospi- 
tal.!'®!!9 In addition, studies have consistently documented a 
twofold higher mortality and increased morbidity associated with 
acute MI in patients with diabetes. The poor natural history of MI 
in diabetic patients is highlighted by studies during the 1960s from 
the Joslin Clinic, in which early mortality approached 40%.'° Al- 
though early coronary reperfusion, aspirin, beta-blockers, ACE in- 
hibitors, lipid-lowering agents, and coronary revascularization 
have dramatically improved the survival of diabetic patients with 
MI, these patients still have a higher risk of complications than 
nondiabetic patients. 


Complications Associated with Acute MI 

Patients with diabetes have an increased incidence of compli- 
cations associated with acute MI. Most problematic of these are 
heart failure, cardiogenic shock, and postinfarct angina. "?!!?? 
These problems result in part from the more extensive multivessel 
and left main coronary artery disease found in diabetic patients. 
Heart block, atrial arrhythmias, and renal insufficiency have also 
been reported more frequently during the post-MI period in pa- 
tients with diabetes.'**!"* Recurrent MI is also somewhat more 
common in individuals with diabetes. "+! 

Heart failure is a particular problem in diabetic patients dur- 
ing and following acute MI.'**'?* Heart failure develops more 
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commonly, even though the index infarctions are no larger than 
those in nondiabetic patients. '”? Heart failure may result from more 
extensive CAD causing ischemia in regions outside the infarct area, 
or from prior scarring in remote regions. Diabetes-related diastolic 
dysfunction and impaired systolic reserve (discussed below) may 
compromise the ability of the heart to cope with the stress of acute 
infarction. In addition, coexistent hypertension and renal disease 
may further promote the development of symptomatic heart failure. 


Treatment of Acute MI 

Overall, patients with diabetes are at high risk during MI and 
benefit from aggressive therapy, including early reperfusion for ST- 
segment elevation MI. 


Thrombolytic Therapy 

Patients with ST-segment elevation MI, in whom there is typi- 
cally acute thrombotic occlusion of a coronary artery, require 
prompt treatment to reestablish myocardial reperfusion. In centers 
without cardiac catheterization facilities, this is achieved with 
thrombolytic therapy. Support for this approach comes from sub- 
group analyses of diabetic patients in the large thrombolytic trials 
carried out in the 1980s and 1990s, including the Thrombolysis and 
Angioplasty in Myocardial Infarction (TAMI) study,” the Interna- 
tional Tissue Plasminogen Activator/Streptokinase (TPA/SK) 
trial,'*' the Second International Study of Infarct Survival (ISIS- 
2),'*? and the Gruppo Italiano per lo Studio Della Sopravvivenza 
nell’ Infarto Miocardico (GISSI)-2 study." Although thrombolytic 
therapy improved survival, both in-hospital and late mortality was 
1.5- to 2-fold higher in diabetic than in nondiabetic patients. In the 
patients treated with insulin, and in diabetic women, '™"™" a higher 
in-hospital and 6-month mortality persists, highlighting the need 
for improved therapies in these high-risk patients. 

Several factors may lead to less-than-optimal responses to 
thrombolysis in patients with diabetes. including more extensive 
CAD, diffuse disease with poor run-off in the occluded vessel, and 
their increased tendency toward thrombosis at the site of plaque 
rupture. Increased plasminogen activator inhibitor (PAI-1) levels, 
platelet hyperreactivity, increased concentrations of hemostatic 
proteins, and endothelial dysfunction promote thrombosis in dia- 
betes. Thus improved strategies of thrombolysis and subsequent 
antithrombotic treatment to prevent reocclusion are needed in pa- 
tients with diabetes. 


Percutaneous Coronary Reperfusion 

In many centers, primary angioplasty or intracoronary stent 
placement is the preferred treatment for acute MI, in that it provides 
more effective reperfusion, and definitive information on the extent 
of CAD, and avoids the use of thrombolytic agents. While the major 
primary angioplasty and stent trials have included patients with dia- 
betes, in many the outcomes of patients with diabetes have not been 
specifically evaluated.'**'?> The Global Use of Strategies to Open 
Occluded Arteries in Acute Coronary Syndromes (GUSTO-IIb) An- 
gioplasty Substudy did report the outcomes of the subgroup of 177 
diabetic patients, randomized to thrombolysis (alteplase) or PTCA 
(8.6% with stent placement) between 1994 and 1996. 136 Th the over- 
all cohort of both diabetic and nondiabetic patients, primary PTCA 
led to better outcomes at 30 days with respect to the primary com- 
posite end point of death, reinfarction, and disabling stroke. The di- 
abetic substudy was underpowered, but showed a similar trend in the 
diabetic patients and a significant reduction in recurrent ischemia 
and reinfarction with PTCA.'** 


The long-term outcomes after MI treated with primary PTCA 
are adversely influenced by the presence of multivessel disease, left 
ventricular dysfunction, and the development of restenosis, all of 
which are more common in patients with diabetes. In GUSTO-IIb, 
the 1-year mortality was similar in the diabetic patients treated with 
thrombolysis or primary PTCA,'** which may reflect the high inci- 
dence of restenosis after PTCA in diabetic patients (see below). At 
present, myocardial placement of intracoronary stents with adju- 
vant antithrombotic treatment with glycoprotein IIb/II]a inhibitors 
is a common approach to treating ST-segment elevation MI in pa- 
tients with diabetes. This approach is intended to provide more 
complete and secure early reperfusion and may diminish the rate of 
restenosis (see below). 

Thus diabetic patients with ST-segment elevation who are 
within 12 hours of the onset of symptoms should be considered for 
primary angioplasty with stent placement, particularly when there 
is evidence of heart failure or hemodynamic stability, where the es- 
tablishment of secure vessel patency may be critical. Multi-vessel 
disease is identified more commonly in diabetic than non-diabetic 
patients at the time of primary angioplasty. While angioplasty or 
stent placement in the “culprit” lesion is preferable for treatment of 
the acute MI in most cases, a small number (~5%) of diabetic pa- 
tients require urgent surgical revascularization.'*° When PTCA or 
stent placement in the “culprit” lesion leaves significant residual 
CAD, the presence of recurrent angina or inducible ischemia indi- 
cates a need for subsequent revascularization. 


Beta-Blockers 

Beta-blockers decrease chest pain, limit the amount of myocar- 
dial damage, and improve prognosis in the setting of acute MI. In 
patients with diabetes included in large trials, beta-blockers re- 
duced mortality by 36% during acute MI.'*”'** Contraindications 
to the use of beta-blockers during MI include bradycardia, hy- 
potension, atrioventricular nodal block, moderate or severe heart 
failure, or active wheezing. Beta-blockers should be given to pa- 
tients regardless of administration of thrombolytic therapy or pri- 
mary PTCA. They are especially useful to treat continuing or re- 
current ischemic chest pain or rapid atrial fibrillation. Since 
diabetic patients often have significant heart failure during MI, pa- 
tients treated with beta-blockers should be carefully monitored. 


ACE Inhibitors 

Treatment of patients with ACE inhibitors reduces afterload, 
prevents adverse myocardial remodeling, and decreases heart fail- 
ure and mortality following MI. In the GISSI-3 study, in the sub- 
group of patients with diabetes treated with lisinopril for 6 weeks, 
the mortality was reduced from 12.4% to 8.7%, and this benefit 
persisted for 6 months after completion of therapy." ACE in- 
hibitors also appear to have long-term benefit in patients with dia- 
betes following MI, as demonstrated by the subgroup analysis of 
the Survival and Ventricular Enlargement (SAVE) trial.'*° 


Insulin Treatment 

The infusion of glucose-insulin-potassium (GIK) during acute 
MI lowers free fatty acid concentrations, improves myocardial me- 
tabolism, and may prevent apoptosis and necrosis.'“! In addition to 
these early beneficial effects, intensive treatment of diabetes may 
stabilize the coronary vasculature and prevent recurrent events 
after acute MI. In the Diabetes Insulin Glucose in Acute MI 
(DIGAMI) trial, intravenous insulin infusion during the initial 
24 hours, followed by intensive insulin treatment for 3 months, 
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reduced mortality at | year from 26% to 19%'*? and at 3 years 
from 44% to 33%.'*? Interestingly, the largest impact was seen in 
those with a low-risk cardiovascular profile and no previous insulin 
treatment. The benefit of intensive treatment after discharge may 
be mediated by favorable effects on platelets, lipoproteins, tissue 
plasminogen activator-1 activity, vascular reactivity, or ventricu- 
lar remodeling. However, because DIGAMI was a relatively small 
study, the current ACC/AHA guidelines caution that routine in- 
sulin use is not indicated until confirmatory results have been 
obtained. '** 

There is some concern that intensive diabetes treatment may 
cause hypoglycemia and trigger myocardial ischemia in diabetic 
patients. Hypoglycemia does trigger catecholamine release and 
increase heart rate and blood pressure. However, these potential 
negative effects need to be considered within the overall context 
of the benefits of improved glucose control. Although there was 
an increased risk of hypoglycemia in intensively treated patients 
in the DIGAMI study, this risk was outweighed by the benefits 
of intensive treatment. In addition, diabetic patients presenting 
with acute MI often are hyperglycemic, and those with poor glu- 
cose control are at particularly increased risk.'**'"° Thus im- 
provement in glycemic control is generally considered an impor- 
tant goal in patients during and after acute MI, and further 
information is needed to determine the optimal means to achieve 
this goal. 


Acute Coronary Syndromes 


Unstable angina and non ST-segment MI are now considered part of 
a spectrum of acute coronary syndromes which have an increased 
risk for adverse outcomes.'*’ These syndromes are characterized by 
progressive or prolonged anginal symptoms and often result from 
plaque rupture and intracoronary thrombus formation. The presence 
of diabetes is an independent risk factor for death, progression to 
acute ST-segment elevation, myocardial infarction. and subsequent 
readmission for unstable angina within the next year." 

Diabetic patients with unstable angina have coronary vascular 
instability, as evidenced by a higher incidence of ulcerated plaques 
and intracoronary thrombi observed during coronary an- 
gioscopy.'”? They also have more extensive CAD, involving a 
greater number and longer segments of vessels and more often in- 
volving the left main coronary artery. Particularly difficult to man- 
age are diabetic patients with acute coronary syndromes who have 
had prior CABG and present with imminent closure of a heavily 
diseased saphenous vein graft. In these patients, symptoms often 
persist despite medical therapy and revascularization strategies are 
less than ideal. 

The management and outcomes of patients with acute coronary 
syndromes in diabetic patients are also complicated by their higher 
comorbidity. The presence of hypertension, peripheral and cerebral 
vascular disease, left ventricular hypertrophy (LVH), and heart fail- 
ure increase their overall risk. Cardiovascular autonomic dysfunc- 
tion also complicates the management of acute coronary syndromes 
in patients with diabetes. Autonomic neuropathy may result in an in- 
creased heart rate (due to predominant parasympathetic neuropathy) 
and a decreased awareness of ischemic symptoms. 


Treatment 
The initial therapy of acute coronary syndromes includes the 
administration of beta-blockers, aspirin, heparin, and nitrates. 
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Recent studies suggest that further platelet inhibition by the ac 
dition of a glycoprotein IIb/IIIa inhibitor to standard therapy, irr. 
proves outcomes in patients with unstable angina. In the Platele 
Glycoprotein IIb/IIIa in Unstable Angina: Receptor Suppressio 
Using Integrilin Therapy (PURSUIT) trial, eptifibatide reduce 
the composite end points of death or nonfatal MI at 30 days." 
In the Platelet Receptor Inhibition in Ischemic Syndrome Mar. 
agement in Patients Limited by Unstable Signs and Symptom 
(PRISM-PLUS) study, tirofiban also reduced death or MI at 3 
days.'*' Although these trials included patients with diabete: 
they were not designed to examine this specific subgroup. How 
ever, patients with diabetes have increased platelet reactivity an 
may derive significant benefit from the addition of these agent: 
particularly in the presence of significant ischemia or unremittin 
angina. 

Many patients are initially stabilized with anti-ischemic and ar 
tithrombotic therapies, but some remain at significant risk for subse 
quent cardiac events. This has led to the widespread utilization of a 
invasive strategy with early coronary angiography and revascula 
ization in the management of acute coronary syndromes. Howeve 
there has been recent debate as to whether an invasive strategy i 
preferable to a more conservative strategy with medical therapy an 
noninvasive testing to detect the subgroup of patients at high risk fc 
subsequent events. In the Veterans Affairs Non-Q-Wave Infarctio 
Strategies in Hospital (VANQWISH) trial, mortality or MI was nc 
significantly different in those randomized to an invasive versus 
conservative strategy.'*? In the Fragmin and Fast Revascularizatio 
During Instability in Coronary Artery Disease II trial (FRISC II), ir 
dividuals with unstable angina treated with an invasive strategy ha 
a 30—40% lower risk of death and MI as compared to those treate 
with a noninvasive strategy. "° Neither study was powered to evalt 
ate the outcomes specifically in diabetic patients. 

In diabetic patients with acute coronary syndromes who re 
spond to initial medical therapy, the decision whether to pursue ar 
giography and revascularization needs to be individualized. The re 
cent American College of Cardiology/American Heart Associatio 
(ACC/AHA) guidelines do not make generalized recommendatior 
on the utilization of an initial invasive approach in diabetic pi 
tients.!*” An invasive strategy may be preferable in high-risk pi 
tients, including those with marked or widespread ST-segment de 
pression, elevated troponin levels prior MI, decreased le 
ventricular function, or heart failure. A noninvasive approach wil 
further risk stratification based on stress echocardiography or my 
ocardial perfusion imaging may be preferable in lower-risk patien 
and those with major comorbidity who are at high risk for the inv: 
sive approach. 


HEART FAILURE 
Epidemiology 


Heart failure causes substantial morbidity in patients with diabete 
including both exertional limitation and recurrent hospitalizatior 
for shortness of breath. The Framingham Study demonstrated thi 
the age-adjusted risk of developing heart failure was increased 2. 
fold in diabetic men, and 5.1-fold in diabetic women, with an ove 
all incidence of heart failure of 22-27 per 1000 patient years." A 
though the majority of these patients had T2DM, those treated wil 
insulin had a four- to fivefold increased risk of heart failure con 
pared to nondiabetic patients. 
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Etiology 


The risk of heart failure in patients with diabetes persisted in the 
Framingham study after adjustment for age, hypertension, hyper- 
cholesterolemia, obesity, and clinically evident CAD.'™* However, 
there were few patients with heart failure who did not have CAD, 
hypertension, or rheumatic heart disease. Indeed, clinical heart fail- 
ure is attributed in large part to coexistent CAD and/or hyperten- 
sion, although abnormalities in left ventricular function related to 
diabetes may predispose the patient with these conditions to heart 
failure (see below). 


CAD and Heart Failure 

Atherosclerotic CAD is the most common cause of heart fail- 
ure in the U.S. population'®® as well as in patients with diabetes.'™* 
Although the risk of developing heart failure in patients with dia- 
betes persisted after accounting for clinically-evident CAD in the 
Framingham study, CAD was excluded only on the basis of absent 
clinical symptoms and electrocardiographic findings. In addition, 
the prevalence but not the extent of CAD was evaluated, and it is 
likely that the diabetic patients had more extensive CAD, which ac- 
counted in part for their increased incidence of heart failure. Addi- 
tional recent cohort studies have also implicated diabetes as a risk 
factor for heart failure independent of CAD,'**!*” but these studies 
again excluded CAD only on the basis of clinical history or dis- 
charge diagnosis. Unexplained heart failure in a patient with dia- 
betes should prompt evaluation for CAD, often including cardiac 
catheterization. 

Myocardial ischemia resulting from CAD may cause heart 
failure through impairment in systolic contractile function. In 
some cases, the diabetic patient presents with a typical dilated 
ischemic cardiomyopathy where the left ventricle contracts 
poorly, is enlarged, and has focal regional wall motion abnor- 
malities (Fig. 49-3). Some of these patients have clinically doc- 
umented or clear electrocardiographic evidence of a prior MI, 
which has led to fibrosis, progressive left ventricular enlarge- 
ment, and heart failure.’ In other cases, more diffuse CAD 
has caused diffuse patchy fibrosis, without a history or clear 
electrocardiographic evidence of MI, which nonetheless has 
caused progressive deterioration in ventricular systolic function. 


FIGURE 49-3. Ischemic cardiomyopathy. Echocardiogram demonstrating 
the cross-sectional images of an enlarged and poorly contracting left ventri- 
cle. This 65-year-old man with T2DM, dyslipidemia, and CAD had heart 
failure due to systolic dysfunction. 
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In some cases there may be a component of the left ventricular 
dysfunction that may be reversible with revascularization, and 
therefore is important to identify. Critical CAD may also impair 
systolic function due to recurrent ischemia in the absence of 
frank myocardial necrosis, a process referred to as stunned or 
hibernating myocardium. In addition, diastolic dysfunction is an 
important mechanism leading to heart failure in patients with 
CAD.'™ Impaired left ventricular relaxation and compliance 
may result from myocardial fibrosis or ischemia and increases 
left ventricular diastolic pressures. 


Hypertension and Heart Failure 

Hypertension is the most common cause of heart failure in the 
absence of CAD,'™ and is present in approximately 40-60% of pa- 
tients with T2DM.** In hypertensive patients, diabetes is an inde- 
pendent risk factor for the development of heart failure, increasing 
the risk 1.8-fold in men and 3.6-fold in women.'™ Thus, the combi- 
nation of hypertension and diabetes appears to cause heart failure in 
patients,’*''-'®' as it does in animal models.'*"™ 

The combination of diabetes and hypertension is also associ- 
ated with a greater degree of left ventricular hypertrophy (Fig. 49- 
4) and diastolic dysfunction. In some populations, diabetes has 
been associated with an increase in left ventricular mass even in the 
absence of hypertension.'©”-'* Diabetes also increases left ventric- 
ular mass in patients with hypertension. '*"® Indeed hyperinsuline- 
mia and insulin resistance, which are common in T2DM, have been 
correlated with left ventricular mass.’ This may be related in part 
to the action of insulin to decrease the rates of protein breakdown 
in the heart.'”° In addition, patients with diabetes and hypertension 
may progress to develop a dilated cardiomyopathy with both sys- 
tolic and diastolic dysfunction.'®' The mechanism responsible for 
the deterioration in Jeft ventricular systolic function remains uncer- 
tain, but once systolic dysfunction becomes established, heart fail- 
ure can be difficult to treat in these patients. 


Diabetic Cardiomyopathy 

The diagnosis of diabetic cardiomyopathy is sometimes in- 
voked as the cause of unexplained heart failure or abnormalities in 
left ventricular function observed in patients with diabetes. 


FIGURE 49-4. Left ventricular hypertrophy. Echocardiogram demonstrat- 
ing the cross-sectional images of a hypertrophied but normally-contracting 
left ventricle. This 71-year-old woman with T2DM, hypertension, and obe- 
sity had heart failure due to diastolic dysfunction. 
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Pathologic Findings 

A specific cardiomyopathy related to diabetes was initially 
proposed 30 years ago.'”! In a small number of patients who died 
with unexplained heart fuilure. myofibrillar hypertrophy and dif- 
fuse interstitial fibrosis were observed in the absence of significant 
obstructive CAD, These patients did have diabetic nephropathy. 
und it is possible that renal insufficiency and undiagnosed hyper- 
tension may huave contributed to these pathologic findings. 
Nonetheless, interstitial fibrosis and increased myocardial collagen 
deposition””'**'* may decrease left ventricular compliance and 
contribute to diastolic dysfunction in patients with diabetes, 

In addition, small-vessel changes may play a role in the patho- 
genesis of diabetic cardiomyopathy. even in the absence of signif- 
cant large-vessel atherosclerotic CAD. Perivascular fibro- 
sis 3 thickening of myocardial capillary basement 
membranes and microuneurysms™ have been reported in the dia- 
bene heart. To some extent. these pathologic findings may con- 
tribute to the physiologic abnormalities in coronary flow reserve 
which occur in patients with both type [*! and type 2'7* diabetes in 
the absence of evident CAD. However, abnormal coronary flaw re- 
serve also results from endothelial dysfunction. which is related to 
glycemic control. ^ lipid levels. and a number of other dynamic 
factors. These functional abnormalities may be more important 
than the pathologic findings in determining flow reserve, Indeed, 
abnormalities in flow reserve appeur to be associated with diastolic 
dysfunction in patients with T2DM.'”’ Whether this represents a 
true causal link or simply an association ts unclear. 


Abnormalities in Cardiac Function 

Several series have reported that patients with TIDM and 
T2DM have asymptomatic abnormalities in cardiac function 
These include alterations in left ventricular systolic function (con- 
traction). diastolic function (relaxation). and the ability of the left 
ventricle to increuse its contractility during exercise. Although the 
preponderance of evidence supports the notion that these abnor- 
malities are primarily related to diabetes or its complications. all of 
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these abnormalities can also occur in the presence of underlyi 
hypertension or CAD. In some series. patients with mild hypert 
sion were included in the analysis. and occult CAD was not rig 
ously excluded. limiting their conclusiveness. In most studies. | 
tients underwent exercise stress testing. and in some they also h 
myocardial perfusion imaging. but in very few did patients under 
coronary angiography to exclude occult CAD. 

With these caveats in mind. abnormalities in resting systo 
function have been reported in patients with diabetes, These inclu 
prolongation of the left ventricular pre-ejection interval and short 
ing of the systolic ejection period,” diminished fractional shorte 
ing and lett ventricular ejection fraction.” and increased left ventr 
ular systolic dimension and left ventricular mass.'*”'*! Howev 
conflicting information exists. in that other studies have reported 
creased fractional shortening in diabetic patients, particularly 
those with microalbuminuria.'™’ Systolic ejection indices are also 
fluenced by preload and afterload. which can vary with glycemic cc 
trol. Thus in otherwise healthy diabetic patients, resting abnormi 
ies in systolic function are generally not pronounced. 

On the other hand, abnormal augmentation of systolic functi 
during exercise has been more commonly observed in diabetic p 
tients, Impaired augmentation of left ventricular ejection fracti 
(LVEF) during exercise occurs in up to 40% of diabetic patien 
including those with TIDM and T2DM.'™ "S Impaired LVEF 
sponse has been somewhat variably defined as a decrease. 
change, or a subnormal increase (<3-5%) in LVEF with exerci 
and is also influenced by changes in afterload and preload. Intere 
ingly. end-systolic indices of contractility and dobutamir 
stimulated left ventricular function may be normal in young d 
betic patients who have abnormal exercise ejection fractions. 
These findings suggest that exercise abnormalities may reflect 
tered louding conditions or autonomic activation durihg exerci 
rather than cardiac muscle dysfunction per se. in diabetic patient 

Diastolic function abnormalities have been widely document 
in patients with diabetes (Fig. 49-5). These include prolonged isov 
lumic relaxation time.'”” '*? delayed opening of the mitral valve 


FIGURE 49-5. Diastolic dysfunction. Left ventricular volume measured by radionuclide ventriculography from a healthy control subjecit and a 37-year- 
woman with longstanding TIDM. The curves demonstrate left ventricular emptying during systole (downstroke) and tilling during diastole (upstroke). T 


volume curve from the diabetic patient has a blunted upstroke. which indicates impaired ventricular diastolic Alling. The calculated peak diastolic filling r 
(PFR) was reduced in the diabetic patient (2.8 volumes/sec) and normal in the control (4.5 volumes/see). 
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decreased rate of left ventricular diastolic filling, ">" and abnormal 


transmitral flow velocities. !”5!” In addition, radionuclide ventricu- 
lography studies have shown that both left ventricular peak filling rate 
and the time to peak filling were abnormal in TIDM and 
T2DM. '*7-198200.201 Diastolic abnormalities may be present earlier 
than systolic abnormalities in patients with diabetes.” 

These contractile abnormalities may be related in part to hyper- 
glycemia and insulin deficiency. In some studies, abnormalities in 
ventricular function resolved with improved glycemic control,” in- 
dicating that the changes in left ventricular hemodynamics and neu- 
rohumoral activation associated with hyperglycemia may contribute 
to alterations in cardiac function. Abnormal cardiac indices have 
also been shown to correlate with other diabetes complications such 
as microangiopathy.'*” Cardiac autonomic neuropathy may con- 
tribute to the abnormalities in left ventricular function in diabet- 
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ics'86-203-205 and will be discussed in more detail below. 


Experimental Models 

The normal contraction and relaxation of myofibrillar proteins 
depends on the integrity of the cellular and molecular mechanisms 
involved in regulating calcium flux, contractile protein function, 
and substrate and energy metabolism in the heart. Many abnormal- 
ities in these essential pathways have been described in experimen- 
tal animal models of diabetes.?°°?™ 

Systolic contraction depends on calcium release from the sar- 
coplasmic reticulum (SR) interacting with calcium binding pro- 
teins that modulate the interaction of actin and myosin filaments. 
Diastolic relaxation of the heart is also an active process, requiring 
that the SR removes calcium from the cytosol. In experimental an- 
imal models of diabetes, alterations in calcium homeostasis include 
abnormal sarcolemmal calcium binding,” decreased calcium 
pump activity,” sodium-calcium exchange,”'? and SR calcium 
pump activity.?!"?!? A diminished peak, but prolonged increase in 
intracellular calcium concentration occurs in isolated cardiac my- 
ocytes from diabetic rats.°!? High extracellular glucose and low in- 
sulin concentrations may directly impair relaxation and electro- 
mechanical coupling in cultured rat myocytes.”'*'* Of interest, 
hyperglycemia increases the activity of the important signaling 
pathway involving protein kinase C, and transgenic models overex- 
pressing this signaling protein develop cardiomyopathy.’ 

Abnormalities in myofibrillar proteins in the diabetic heart may 
also contribute to impaired contractile function. A shift to the lower 
activity V3 isoform of the myosin heavy chain leads to diminished 
cardiac contractility in rodents.7'”?'® Altered phosphorylation of 
troponin I and myosin light chain proteins which regulate contractile 
protein activity may also interfere with function in the diabetic 
heart.”!??0 Abnormal collagen crosslinking due to glycosylation 
products decreases diastolic relaxation.7”! 

There are several additional molecular alterations which may 
lead to contractile dysfunction in diabetes.” °% However, animal 
models of diabetes have limitations with respect to their applicabil- 
ity to human disease. Thus more information is needed to under- 
stand the pathophysiology of heart failure in patients with diabetes. 


Prognosis and Response to Therapy 


The presence of diabetes increases the morbidity and mortality in 
patients with heart failure. In the Framingham study, diabetes was 
an independent predictor of death in women with heart failure, in- 
creasing their mortality 1.8-fold.'°° The Studies of Left Ventricular 
Dysfunction (SOLVD) demonstrated that diabetes increased the 


risk of heart failure, morbidity, and mortality in patients with low 
ejection fractions.” This risk increased with diabetes duration and 
was also particularly apparent in women. As discussed above, heart 
failure is an important cause of the higher morbidity and mortality 
observed in diabetic patients after MI, as well as following coro- 
nary revascularization. '**??? Thus early detection and management 
of heart failure are essential for the improvement in clinical out- 
comes in diabetic patients. 

The treatment of heart failure in diabetic patients parallels 
many of the same strategies utilized in patients without diabetes. 
The identification and optimal treatment of coexistent hypertension 
and coronary artery disease is of paramount importance. In the 
UKPDS, more intensive blood pressure control decreased the inci- 
dence of heart failure by 40% in patients with T2DM.** Blood 
pressure should be lowered to below 130/80, and even more ag- 
gressive lowering of blood pressure is often indicated to reduce af- 
terload and reverse left ventricular hypertrophy when present. 


ACE Inhibitors 

ACE inhibitors have a well-established role in the treatment of 
heart failure. In diabetic patients with reduced systolic function 
(low LVEF), ACE inhibitors reduce the number of hospitalizations 
for heart failure and decrease mortality.” There are no studies 
proving the utility of ACE inhibitors in the treatment of heart fail- 
ure due to diastolic dysfunction (normal LVEF). However, the ac- 
tions of ACE inhibitors to reduce afterload, decrease neurohumoral 
responses, and reduce left ventricular mass are all important in the 
treatment of heart failure due to diastolic dysfunction. In addition, 
the recent Heart Outcomes Prevention Evaluation (HOPE) study 
supports the use of ACE inhibitors to decrease cardiac events in di- 
abetic patients, even in the absence of heart failure or known low 
ejection fractions." Thus in the absence of a clear contraindication 
(angioedema, severe cough, bilateral renal artery stenosis, or sig- 
nificant hyperkalemia), these drugs should be part of the standard 
treatment of heart failure in diabetic patients. 


Beta-Blockers 

Beta-adrenergic receptor blockers are useful in the long-term 
treatment of patients with heart failure. They are administered after 
the patient has been stabilized on ACE inhibitors, diuretics, and 
digoxin, but are contraindicated when overt pulmonary congestion 
or hypotension are present. Many diabetic patients with heart fail- 
ure have an underlying ischemic cardiomyopathy, and treatment 
with beta-blockers clearly improves outcomes in diabetic patients 
after MI.'97'°8 In the overall population with chronic heart failure 
and systolic dysfunction, beta-blockers also improve left ventricu- 
lar function, prevent heart failure symptoms, and increase sur- 
vival.?*>??6 A preliminary report on the diabetic patients in the 
Metoprolol CR/XL Randomized Intervention Trial in Congestive 
Heart Failure (MERIT-HF), indicates that beta-blockers decrease 
hospitalization for heart failure and mortality in individuals with 
class II-III heart failure.” Although there are some concerns 
about potential worsening of glycemic control in T2DM and mask- 
ing hypoglycemic symptoms in patients receiving insulin, these 
drugs are generally recommended for diabetic patients with heart 
failure. 


Diuretics 

Diuretics are an essential part of the treatment of patients with 
symptomatic heart failure. In addition to loop diuretics, recent evi- 
dence from the Randomized Aldactone Evaluation Study (RALES) 
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indicates that the aldosterone antagonist spironolactone may have 
an important role in the treatment of advanced symptomatic heart 
failure.?* Treatment with spironolactone reduced hospitalizations 
for heart failure and cardiac mortality. Although this drug is gener- 
ally used with caution in patients with diabetes or renal insuffi- 
ciency due to concern for hyperkalemia, there was no increase in 
the incidence of dangerous hyperkalemia in diabetic patients 
treated with this medication.””” 


Calcium Channel Blockers 

Diastolic dysfunction is an important cause of heart failure in 
diabetic patients. Calcium channel blockers theoretically may de- 
crease intracellular calcium and improve diastolic relaxation in pa- 
tients with heart failure due to diastolic dysfunction. However, 
there is little clinical evidence that these agents are specifically use- 
ful in treating diastolic dysfunction. The primary approaches to 
treat heart failure due to diastolic dysfunction include intensive 
treatment of hypertension (to reduce afterload and left ventricular 
mass) and diuretics (to prevent volume overload). In this regard, 
calcium channel blockers are often useful in treating hypertension 
in T2DM patients. However, in patients who have heart failure with 
significant systolic dysfunction, diltiazem and verapamil are con- 
traindicated. In patients who have systolic dysfunction and remain 
hypertensive despite treatment with an ACE inhibitor, beta-blocker, 
and diuretic, long-acting dihydropyridine antagonists are often 
helpful. 


Cardiac Transplantation 

When conventional heart failure treatment fails in an otherwise 
healthy diabetic patient with advanced cardiomyopathy, considera- 
tion is given for cardiac transplantation. Although insulin-requiring 
diabetes was once a contraindication to heart transplantation, this is 
no longer the case at most centers, since the overall survival in the 
absence of end-organ disease is comparable to those without dia- 
betes. However, end-organ disease, especially nephropathy, in- 
creases the risk of unfavorable clinical outcomes after heart trans- 
plantation. Diabetic subjects typically require high doses of insulin 
and other adjuvant hypoglycemic agents during the early phases 
after transplantation when they are on high doses of corticosteroids. 

Diabetes is a risk factor for significant cardiac transplant rejec- 
tion,™ although this is a relatively rare occurrence with the use of 
current immunosuppressive therapies. However, insulin resistance 
and dyslipidemia increase the risk for transplant vasculopathy, 
which is the major threat to the transplanted heart.”*! Diabetes also 
accelerates the development of transplant vasculopathy in animal 
models.”? Aggressive lipid-lowering with statins is important to 
reduce the development of transplant vasculopathy.”* However, all 
patients with T2DM require careful surveillance for the develop- 
ment of vasculopathy following heart transplant. 


CARDIAC AUTONOMIC NEUROPATHY 


Cardiac autonomic neuropathy develops over time in 6-21% of pa- 
tients with TIDM and in 16-22% of patients with T2DM.”** 7"? 
The reported prevalence rates have varied widely as a result of 
different methods and criteria used to diagnose autonomic neu- 
ropathy. In the DCCT, the prevalence of autonomic neuropathy was 
6% in patients with T1DM.™"' In the Oxford Community Diabetes 
Study, the prevalence of autonomic neuropathy was 16% in 
T2DM.**° 
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Autonomic neuropathy may involve the parasympathetic an 
sympathetic innervation of the heart and peripheral vasculaturi 
leading to a spectrum of manifestations. In its mildest form, cardia 
neuropathy involves the parasympathetic innervation of the hea 
and may lead to a slightly increased resting heart rate. In advance 
cases, autonomic neuropathy causes severe orthostatic hypotensio 
with recurrent lightheadedness, unsteadiness, or syncope. 


Diagnosis 


The diagnosis of cardiac autonomic neuropathy often requires spe 
cific autonomic testing. The standard approach involves analysis c 
changes in heart rate and blood pressure during provocative meas 
ures. These include measuring changes in heart rate during dee 
breathing, standing, and Valsalva maneuvers, along with blood pres 
sure responses to hand grip and standing. The reliable diagnosis c 
autonomic neuropathy requires that the procedures are performed i 
a standardized manner. The test results may be influenced by a num 
ber of factors, including recent meals, insulin administration, cal 
feine. alcohol, smoking, and medications." 

Analysis of heart rate variability provides an important ap 
proach to the assessment of cardiac autonomic function in the pa 
tient with diabetes.7*+747-*> The instantaneous heart rate (R-R in 
terval) varies due to the influence of both parasympathetic an 
sympathetic modulation. The variability in R-R intervals can be as 
sessed by using either statistical analysis of R-R interval change 
(time-domain) or spectral analysis of successive R-R interval 
(frequency-domain). The latter approach differentiates to some ex 
tent between sympathetic and parasympathetic influences based o1 
the frequency of the heart rate variability. Variations that occur ii 
the high frequency range (0.15-0.40 Hz) are modulated more b: 
parasympathetic activity. while low frequency (0.04—0.15 Hz) vari 
ability is modulated more by sympathetic activity. Recently, auto 
nomic analyses have been incorporated into clinical monitorin; 
systems which should facilitate the diagnosis of diabetic auto 
nomic neuropathy.” 

Cardiac imaging with radiolabeled '7"I-meta-iodobenzy! 
guanidine (MIBG) has also been utilized investigatively to asses 
the integrity of cardiac sympathetic innervation. Cardiac imagin; 
is performed with single photon emission computed tomograph: 
(SPECT), which determines the uptake of the tracer by different re 
gions of the heart. Abnormalities in MIBG uptake in patients witl 
T2DM tend to involve the inferoposterior region of the left ventri 
cle." In type 1 diabetics, MIBG abnormalities are also observed 
even in the absence of abnormalities in heart rate variability.47"" 
More recently. heart sympathetic integrity has been assessed by de 
termining the uptake of 1! C-ephedrine using positron emission to 
mography.™™ This approach has demonstrated heterogeneity i1 
myocardial uptake of ''C-ephedrine with diminished activity in th 
distal inferior and lateral walls.?°° 


Significance 


Cardiac autonomic neuropathy ts a marker of cardiovascular risk i1 
patients with known cardiac disease as well as in diabetics. Earl 
studies demonstrated 5-year mortality rates of 50% in diabetic 
with symptomatic cardiac autonomic neuropathy.”*'! However 
more recent evidence indicates a somewhat better prognosis, witl 
mortality rates of ~25%.**?"? It has been theorized that cardia 
Neuropathy creates an autonomic imbalance, predisposing to ar 
rhythmic events.” or interferes with the perception of angina 
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predisposing to severe ischemia.** However, these concepts re- 
main unproven and cardiac autonomic neuropathy may be associ- 
ated with other factors predisposing to cardiac events, or to severe 
CAD or prior MI. Interestingly, cardiac autonomic dysfunction is 
related to poor glycemic control**!°° and abnormal lipid levels.” 
The exact mechanism by which autonomic neuropathy contributes 
to cardiovascular mortality remains uncertain. However, a high 
level of attention is warranted in diabetic patients with cardiac 
neuropathy, in whom the presence of significant CAD should be 
considered. 

Cardiac autonomic dysfunction has adverse physiologic conse- 
quences, compromising exercise capacity and left ventricular con- 
tractile reserve. Peak heart rate and blood pressure responses to ex- 
ercise are blunted in diabetics with autonomic neuropathy.”°’ In 
addition, peak exercise left ventricular ejection fraction'**"'** and 
diastolic relaxation are sometimes impaired.” These abnormali- 
ties occur in the absence of detectable CAD and hypertension. In 
one study, more than 90% of diabetic patients with exercise-in- 
duced systolic dysfunction had cardiac autonomic dysfunction, and 
more than half of diabetic patients with cardiac autonomic neu- 
ropathy had systolic dysfunction.'*° Patients with T1DM who have 
abnormal] contractile reserve also often have abnormal MIBG im- 
aging, indicating abnormal cardiac sympathetic innervation.?** 

Cardiac autonomic neuropathy has been invoked as a potential 
mechanism of sudden death in patients with diabetes. A number of 
studies have correlated autonomic neuropathy with prolongation of 
the QT interval.?*°?© However, few of the patients in these studies 
have frankly pathologic QT prolongation. QT dispersion reflecting 
interlead variability in the QT interval may also occur more fre- 
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quently in individuals with diabetes and autonomic neuropathy.” ` 

Cardiac autonomic neuropathy may also have a role in the 
pathogenesis of silent ischemia in patients with diabetes (see above 
discussion). Early studies showed a high incidence of asympto- 
matic ischemia in diabetics with cardiac autonomic dysfunction.” 
These patients also have abnormalities in cardiac MIBG uptake.” 
However, silent ischemia during exercise occurs in a substantial 
number of patients without diabetes or autonomic dysfunc- 
tion. Thus the mechanisms responsible for silent ischemia 
are complex and may involve central as well as autonomic path- 
ways that are currently under investigation. 


CONCLUSION 


The association between diabetes and heart disease has been recog- 
nized for over 100 years. However, in contrast to the overall popula- 
tion, progress in reducing heart disease morbidity and mortality has 
lagged behind in patients with diabetes.” With this recognition, 
there have been recent efforts to better define the pathophysiology 
and treatment of heart disease in patients with diabetes. Ongoing re- 
search studies promise to answer key clinical questions related to 
how best to identify and treat CVD in patients with diabetes. 
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CHAPTER 50 


Peripheral Vascular Disease in the Person with Diabetes 


Cameron M. Akbari 
Frank W. LoGerfo 


Diabetes mellitus is found in over 6% of the U.S. population, and 
the incidence is rising, with more than half a million new cases di- 
agnosed annually.’ Many epidemiologic studies spanning several 
decades have clearly established the link between diabetes and vas- 
cular disease. The Framingham Study of over 5000 subjects 
demonstrated that diabetes is a powerful risk factor for atheroscle- 
rotic coronary and peripheral arterial disease, independent of other 
atherogenic risk factors, with a relative risk averaging twofold in 
men and threefold for women.” The Framingham Study also con- 
firmed that the risk of stroke is at least 2.5-fold higher in patients 
with diabetes,’ a finding that has been confirmed in other large epi- 
demiologic studies.** Moreover, diabetes is strongly associated 
with atherosclerosis of the extracranial internal carotid artery and 
thus imparts an additional independent risk of stroke.° 


PATHOPHYSIOLOGY 


The complications of diabetes may best be characterized as alter- 
ations in vascular structure and function, with subsequent end- 
organ damage and death.’ Specifically, two types of vascular 
disease are seen in patients with diabetes: a nonocclusive micro- 
circulatory impairment involving the capillaries and arterioles of 
the kidneys, retina, and peripheral nerves, and a macroangiopathy 
characterized by atherosclerotic lesions of the coronary and periph- 
eral arterial circulation.*"'' The former is relatively unique to dia- 
betes, whereas the latter lesions are morphologically and function- 
ally similar in both nondiabetic and diabetic patients. 

Retinopathy is the most characteristic microvascular compli- 
cation of diabetes, and population-based studies have identified a 
correlation between its development and the duration of dia- 
betes.'? Similar correlations have been found with nephropathy, 
neuropathy, and diabetes,'* with perhaps the strongest evidence 
coming from the Diabetes Control and Complications Trial 
(DCCT). The results from the DCCT clearly showed a delay in 
the development and progression of these microvascular compli- 
cations with intensive glycemic control, thus supporting the di- 
rect causal relationship between hyperglycemia, diabetes, and its 
microvascular sequelae.'* These and other clinical trials have pro- 
vided the rationale for experimental studies investigating the fun- 
damental pathophysiology of micro- and macrovascular disease in 
diabetes mellitus. 

Microvascular dysfunction in diabetes is manifested by an in- 
creased vascular permeability and impaired autoregulation of blood 


flow and vascular tone. These changes culminate in nephropathy, 
retinopathy, and neuropathy and probably contribute to the cardio- 
vascular complications of diabetes. Although multiple theories 
have been postulated as to the etiology of accelerated microan- 
giopathy, it is likely that several biochemical derangements exist in 
the presence of hyperglycemia and diabetes and that these mecha- 
nisms work synergistically to cause microvascular dysfunction. 
These metabolic alterations produce functional and structural 
changes in many areas at the arteriolar and capillary levels, includ- 
ing the basement membrane,’ the smooth muscle cell, 'S and, in par- 
ticular, the endothelial cell.'® 

One of the greatest impediments in understanding and treating 
vascular disease in patients with diabetes is the misconception that 
they have an untreatable occlusive lesion in the microcirculation, 
which has fostered the belief that arterial reconstruction is futile. 
This idea originated from a retrospective histologic study demon- 
strating the presence of PAS-positive material occluding the arteri- 
oles in amputated limb specimens from diabetic patients.” How- 
ever, subsequent prospective anatomic staining and arterial casting 
studies'*'? have demonstrated the absence of an arteriolar occlu- 
sive lesion. Further evidence comes from physiologic studies of 
femoro popliteal bypass grafts in diabetic and nondiabetic patients 
in which direct vasodilator administration into these grafts demon- 
strates a comparable fall in peripheral resistance between the two 
groups.”° Dispelling the notion of “small vessel disease” is funda- 
mental to the principles of limb salvage in patients with diabetes, 
since arterial reconstruction is almost always possible and success- 
ful in these patients. 

Although there is no occlusive lesion in the diabetic microcir- 
culation, other structural changes do exist, most notably thickening 
of the capillary basement membrane. This alteration in the extracel- 
lular matrix may represent a response to the metabolic changes re- 
lated to diabetes and hyperglycemia. However, these changes do 
not lead to narrowing of the capillary lumen, and arteriolar blood 
flow may be normal or even increased despite these changes.”' 
Capillary basement membrane thickening is the dominant struc- 
tural change in both diabetic retinopathy and neuropathy. In the 
kidney, nonenzymatic glycosylation reduces the charge on the 
basement membrane, which may account for transudation of albu- 
min, an expanded mesangium, and albuminuria.” Similar increases 
in vascular permeability occur in the eye and probably contribute tc 
macular exudate formation and retinopathy. 

In the diabetic foot, basement membrane thickening may theo- 
retically impair the migration of leukocytes and the hyperemic 
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response following injury and thus may increase the susceptibility 
of the diabetic foot to infection.2*** Although resting total skin 
microcirculatory flow is similar in both diabetic and nondiabetic 
patients, the capillary blood flow is reduced in diabetes, indicating 
a maldistribution and functional ischemia of the skin.” Moreover, 
studies of skin microvascular flow have demonstrated a reduced 
maximal hyperemic response in diabetic patients, suggesting that a 
functional microvascular impairment is a major contributing factor 
for diabetic foot problems. All of these changes result in an inabil- 
ity to vasodilate and achieve maximal blood flow following injury. 

Diabetes also affects the axon reflex (Fig. 50-1). Injury directly 
stimulates nociceptive C fibers, which results in both orthodromic 
conduction to the spinal cord and antidromic conduction to adjacent 
C fibers and other axon branches. One function of this axon reflex is 
the secretion of several active peptides, such as substance P and cal- 
citonin gene-related peptide, which directly and indirectly (through 
mast cell release of histamine) cause vasodilation and increased 
permeability. This neurogenic vasodilatory response is impaired in 
diabetes, further reducing the hyperemic response when it is most 
needed, that is, under conditions of injury and inflammation.” 

The above changes contribute to an early functional impair- 
ment in vascular reserve in the peripheral, coronary, and cerebral 
circulation of patients with diabetes. Using positron emission to- 
mography (PET), myocardial blood flow may be measured at rest 
and after vasodilator administration, and thus coronary flow reserve 
(as a measure of endothelial function) may be calculated. Reduced 
coronary flow reserve and impaired coronary reactivity have been 
observed in diabetic patients with angiographically normal coro- 
nary arteries and no other detectable microvascular complications, 
suggesting an early endothelial dysfunction.” Similarly, cere- 
brovascular reactivity and reserve capacity may be assessed using 
transcranjal Doppler and acetazolamide, which causes vasodilation 
of the brain resistance vessels. Impaired cerebrovascular reserve is 
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also noted in patients with diabetes, particularly among those pa- 
tients with other microvascular complications.”° 

There is substantial evidence that endothelial function is ab- 
normal in animal models of diabetes mellitus*”*? and in patients 
with both type | and type 2 diabetes mellitus (T1- and T2DM),*?** 
thus directly implicating either hyperglycemia or hyperinsulinemia 
as a possible mediator of abnormal endothelium-dependent re- 
sponses. A variety of mechanisms responsible for vascular dys- 
function have been proposed, principally abnormalities in the nitric 
oxide pathway, abnormal production of vasoconstrictor prostanoids, 
intracellular signaling, reduction in Na*/K*-ATPase activity, and 
advanced glycosylated end products.” 

In 1980, Furchgott and Zawadzki” discovered that arterial va- 
sodilation was dependent on an intact endothelium and its release 
of a substance they called endothelium-derived relaxing factor 
(EDRF), which causes arterial smooth muscle relaxation in re- 
sponse to acetylcholine and other vasodilators. Later identified as 
endothelial-derived nitric oxide (EDNO), it activates vascular 
smooth muscle guanylate cyclase, elevates cyclic GMP levels, and 
may increase Na*/K*-ATPase activity.” 

A variety of substances other than acetylcholine may cause 
EDNO-mediated vasodilation. Notably, it appears that the vasodila- 
tory effects of insulin are nitric oxide-dependent*’“' and that in- 
sulin mediates vasodilation by modulating the synthesis and release 
of EDNO. Although hyperglycemia with hyperinsulinemia impairs 
endothelial-dependent vasodilation, hyperinsulinemia with eug- 
lycemia actually potentiates endothelium-dependent vasodilation 
via enhanced EDNO release, suggesting that hyperglycemia, inde- 
pendent of hyperinsulinemia, contributes to endothelial dysfunc- 
tion. This has been corroborated by studies performed on healthy in- 
dividuals, in which ingestion of a glucose load and subsequent acute 
hyperglycemia impair the endothelial-dependent vasodilation of the 
macrocirculation and microcirculation.” 


FIGURE 50-1. Illustration of the axon 
(nociceptive) reflex, in which injury 
results in vasodilation via secretion of 
active peptides such as substance P. 
histamine, and calcitonin gene-related 
peptide. 
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Impaired endothelial-dependent vasodilation in certain insulin- 
resistant states may be instrumental in the pathogenesis of athero- 
sclerosis and hypertension and is postulated to be due to diminished 
insulin-mediated EDNO production and release.” Patients with 
Ti- and T2DM demonstrate impaired endothelium-dependent re- 
sponses to acetylcholine, but the response to exogenous nitric oxide 
donors (i.e., sodium nitroprusside) remains intact in TIDM?? 
(Fig. 50-2). 

Although there is considerable controversy regarding the role 
of free radicals in diabetic vascular disease,” an increased produc- 
tion of oxygen-derived free radicals has been described in diabetes 
and may contribute to endothelial dysfunction.” Superoxide an- 
ions and other oxygen-derived free radicals directly inactivate 
EDNO.“ In animal models, endothelium-derived free radicals 
impair EDNO-mediated vasodilation, and administration of 
super-oxide dismutase and other free radical scavengers normal- 
izes EDNO-dependent relaxation in diabetic arteries.” Defective 
endothelium-dependent relaxation in diabetic rat aorta is signifi- 
cantly attenuated by vitamin E, a potent free radical scavenger.” In 
human studies, administration of vitamin C in pharmacologic doses 
restores and improves endothelium-dependent vasodilation, but not 
endothelium-independent responses in patients with both T1- and 
T2DM, thus further suggesting that oxygen-derived free radicals 
may decrease the bioavailability of EDNO.” 

A potentially treatable source of oxygen-derived free radicals is 
hyperlipidemia. Increased levels of low-density lipoprotein (LDL) 
and very-low-density lipoprotein (VLDL) are common in diabetic 
patients. Hyperglycemia promotes the oxidation and nonenzymatic 
glycation of LDL, which has been strongly implicated in atherogen- 
esis by a variety of mechanisms.” In animal models of hypercho- 
lesterolemia, the vascular endothelium produces several free radi- 
cals, presumably through xanthine oxidase activation, and these 
endothelial-derived free radicals inactivate EDNO.*' Moreover, 
flow-mediated vasodilation and reactive hyperemia (endothelium- 
dependent) are more impaired in patients with TIDM and elevated 
LDL cholesterol levels, which further supports the relationship of 
hypercholesterolemia. free radicals, and EDNO.” 


FIGURE 50-2. In response to acetylcholine. nitric oxide synthetase (NOS) is 
activated, which leads to nitric oxide (NO) release and vasodilation. The re- 
sponse is endothelium-dependent in that it is dependent on endothelium- 
derived NOS and NO. In contrast. sodium nitroprusside. an exogenous nitric 
oxide donor, directly activates cyclic guanosine monophosphate (cGMP) 
and thus is not dependent on endothelium-derived NOS and NO. TXA.. 
thromboxane Az: PGs. prostaglandins. (Reproduced from Akbari et al.”) 
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Advanced glycosylation end products (AGEs) have also br 
implicated in the pathogenesis of diabetic microvascular compli 
tions. These are formed from a reversible reaction between gluci 
and protein to form Schiff bases, which then rearrange to form s 
ble Amadori-type early glycosylation products. Some of these 
versible early glycosylation products may undergo complex 
arrangements to form irreversible AGEs. In experimental diabet 
AGEs impair the actions of EDNO and cause an impaii 
endothelium-dependent response, which is ameliorated by adm 
istration of an AGE inhibitor.** 

AGEs also displace disulfide cross-linkages in collagen z 
scleral proteins, accounting for the diminished charge in the cat 
lary basement membrane. This may contribute to the increased v 
cular permeability of diabetes, since blockade of a specific recep 
for AGE reverses diabetes-mediated vascular hyperpermeability 
Moreover, the presence of AGE receptors on both endothelial ce 
and monocytes, along with AGE deposition in the subendotheliu 
suggests monocyte deposition into the subendothelial space a 
secondary complications.** In studies using a radioreceptor ass 
for AGEs in serum and arterial wall, higher AGE levels have be 
demonstrated in patients with diabetes compared to nondiabe 
controls, with the highest levels occurring among diabetic patie: 
with nephropathy.” Since at least part of AGE-induced cellu 
dysfunction is due to an oxidant-sensitive mechanism, which is 
hibited by antioxidants, it is likely that both oxygen-derived fi 
radicals and AGEs contribute to cause impaired EDNO-depend 
vasodilation in diabetes. Taken together, the effects of AGEs 
vascular permeability, subendothelial protein deposition, inacti' 
tion of nitric oxide, and modification of LDL provide strong e 
dence of their important role in diabetic vascular disease. 

Experimental studies in diabetic animals have also im 
cated that abnormal endothelial production of vasoconstric 
prostanoids, notably thromboxane (TX) A; and prostaglandin (P 
H2, may contribute to endothelial cell dysfunction. In humans, ho 
ever, the role of vasoconstrictor prostanoids is less clear. Flo 
dependent vasodilation in healthy subjects, which may be used as 
index of endothelial function, is unaffected by aspirin, thus demc 
strating that it is entirely mediated by EDNO and independent 
vasoactive prostanoids.*” Moreover, the attenuated endotheliu 
dependent vasodilation that is observed in diabetic patients follo 
ing acetylcholine administration is not affected by pretreatment w 
cyclo-oxygenase inhibitors. 

It therefore appears that dysfunction of the microcirculati 
strongly contributes to the renal, eye, and macrovascular comp 
cations of diabetes. Several lines of evidence have indicated ti 
the microcirculation is also implicated in the pathogenesis of d 
betic neuropathy, and the etiology of diabetic neuropathy may bi 
complex interplay among metabolic and microvascular defects 
volving aldose reductase, Na‘/K*-ATPase activity, and nit 
oxide. Some of these may include EDNO stimulation of Na*/K 
ATPase activity, decreased Na*/K*-ATPase activity by EDNO 
hibitors, and hyperglycemic inhibition of Na*/K*-ATPase activ 
in normal rabbit aorta, which is preventable by administeri 
aldose reductase inhibitors or by raising plasma myoinosi 
levels.°8°? 

More recent studies using laser Doppler imaging have furtt 
defined the relationships among the microcirculation, diabet 
and neuropathy. These findings suggest that the endotheliu 
dependent vasodilation and the axon reflex are impaired in t 
presence of diabetes and neuropathy but that the endotheliu 
independent response is spared, and that this dysfunction may 
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attributed to an impaired production of nitric oxide. In addition, the 
nerve axon reflex is reduced in diabetic neuropathic patients with 
and without vascular disease, while it is intact in diabetic patients 
without neuropathy. In addition, the expression of endogenous en- 
dothelial nitric oxide synthetase (eNOS) activity (taken from the 
skin of the foot) has been found to be reduced in patients with dia- 
betes and either neuropathy or macrovascular disease, compared 
with healthy controls.®! In contrast, the level of von Willebrand 
factor (an anatomic marker of the endothelium) is comparable 
among the controls and diabetic patients. Therefore, it appears that 
in diabetic neuropathic patients, with or without lower extremity 
ischemia, the eNOS activity is reduced, even though the endothe- 
lium is anatomically present and endothelial functional changes 
may be related to the development of neuropathy. 

Current hypotheses regarding the etiology of diabetic neuropa- 
thy are centered on a combination of metabolic defects secondary 
to hyperglycemia and vascular changes that result in nerve hy- 
poxia. Evidence for a hypoxic etiology is considerable and in- 
cludes reduced endoneurial blood flow, increased vascular resis- 
tance, and decreased endothelial production of nitric oxide.“ 
Although microvascular dysfunction has been mainly implicated, 
the role of peripheral vascular disease remains considerable, as 
it appears likely that a decrease in total limb blood flow would 
potentiate nerve ischemia. This concept has been supported by 
clinical trials, which have demonstrated a more severe neuropathy 
in diabetic patients with lower limb ischemia compared with non- 
ischemic diabetic and ischemic nondiabetic patients, and an im- 
provement in nerve function shortly after revascularization.°- 

Clinical studies from the authors’ laboratory have focused on 
the effect of arterial reconstruction on the natural history of dia- 
betic neuropathy.” Fifty-five patients with diabetes and peripheral 
vascular disease requiring revascularization were studied. Peroneal 
nerve conduction velocity was measured prior to arterial bypass 
and then again at a mean follow-up of 19 months. In the operated 
leg, the peroneal nerve conduction velocity remained unchanged 
during the follow-up period (preoperative 35.79 + 6.02 m/s versus 
postoperative 35.33 + 7.51 m/s, p = NS), but deteriorated in the 
nonoperated leg (36.68 + 6.22 m/s versus 33.64 + 7.30 m/s, p < 
0.05). The data suggest that reversal of hypoxia in diabetic patients 
halts the progression of neuropathy, lending further support to the 
role of localized ischemia in the pathogenesis of nerve dysfunction 
in diabetes mellitus. 


DIABETES AND CEREBROVASCULAR DISEASE 


Compelling data from several large clinical studies have demon- 
strated that diabetes is a major risk factor for stroke, and the inci- 
dence of ischemic stroke is at least 2.5-fold higher in diabetic pa- 
tients.™* Moreover, the mortality and severity of stroke are higher 
among patients with diabetes.” The relative risk of stroke in- 
creases even further among diabetic patients with established 
retinopathy, neuropathy, or nephropathy, thus suggesting that the 
presence of diabetes introduces additional microvascular and cere- 
brovascular pathophysiology, which may increase the frequency 
and severity of stroke in these patients.” !? 

Elevated blood glucose is toxic to infarcted brain tissue, 
and stroke severity is greater in patients with hyperglycemia.’*”* 
Among patients with diabetes, poor glycemic control doubles the 
risk of ischemic stroke, even after adjustment for other variables.’° 


Morphologic abnormalities in diabetes include arterial endothelial 
cell necrosis and thickened capillary basement thickening in cere- 
bral vessels; in addition, diabetic patients have shown impaired 
cerebrovascular reactivity to hypercapnia and blood pressure 
changes.’° Abnormal cerebral blood flow may be seen in experimen- 
tal diabetes, and among patients with diabetes and no history of 
cerebrovascular disease, single-photon emission computed tomog- 
raphy (SPECT) scanning has demonstrated multiple subclinical al- 
terations in cerebral blood flow.” Hyperglycemia alone causes both 
a decrease in cerebral blood flow and an impaired cerebral vasodila- 
tory response.” As noted previously, altered cerebral vascular reac- 
tivity occurs among patients with long-standing diabetes and may 
reflect a generalized cerebrovascular microangiopathy involving the 
brain resistance arterioles.” 

Acute hyperglycemia and glucose exposure may also impair 
the autoregulation of cerebral blood flow. Jn vitro exposure of 
isolated cerebral arteries to high glucose concentrations causes 
vasodilation and inhibition of arterial tone, suggesting that both 
cerebrovascular tone and control of cerebral blood flow may be 
impaired during acute hyperglycemia.” Moreover, since removal 
of the endothelium abolishes this effect, this appears to be an 
endothelium-dependent and nitric oxide—mediated mechanism. Im- 
paired cerebral vessel endothelium-dependent relaxation, but not 
endothelium-independent vasodilation, has also been observed in 
the presence of diabetes.**! These findings suggest either reduced 
activity/synthesis of EDNO or increased destruction, the latter pos- 
sibly mediated by a thromboxane A, and prostaglandin H, pathway. 

Multiple cerebrovascular metabolic abnormalities also con- 
tribute to the worse stroke outcome in hyperglycemia and dia- 
betes." Anaerobic metabolism of glucose during ischemia pro- 
duces lactate; which accumulates inside brain cells and results in 
lower intracellular pH and may promote cell death. As noted ear- 
lier, AGEs accumulate as a consequence of diabetes and may also 
contribute to the increased stroke severity in diabetic patients, as 
systemic administration of AGEs into animals with focal brain in- 
farction increases cerebral infarct size and damage.” 

Because of the worse prognosis of stroke in patients with 
diabetes, efforts should be directed toward reducing the risk of 
stroke in these patients, including reduction or elimination of con- 
comitant risk factors. In addition, among selected symptomatic and 
asymptomatic patients with a high-grade internal carotid artery 
stenosis, carotid endarterectomy has been shown to reduce the 
risk of stroke.***5 Because diabetes is associated with multiple 
cerebrovascular abnormalities, the safety of carotid endarterec- 
tomy in patients with diabetes may be questioned.*° A recent report 
has summarized the experience with carotid endarterectomy in pa- 
tients with diabetes.*” Over a 6-year period, 732 carotid endarterec- 
tomy procedures were performed, of which 284 (39%) were in pa- 
tients with diabetes mellitus. The total operative mortality rate was 
0.3%. There were 11 perioperative neurologic events (8 strokes, 
3 transient ischemic attacks) during the entire period (1.5%), of 
which 6 (2.1%) were among diabetic patients and 5 (1.1%) among 
nondiabetic patients, a difference that was not statistically signifi- 
cant. Of the 8 strokes, 3 occurred in diabetic patients (1.0%) and 5 
in nondiabetic patients (1.1%), which again was not statistically 
significant. Moreover, it was demonstrated that diabetes is not an 
independent risk factor for postoperative cardiac morbidity among 
patients undergoing carotid endarterectomy. These results show 
that carotid endarterectomy may be safely performed in diabetic 
patients, with neurologic morbidity and mortality rates comparable 
to those of the nondiabetic population. 
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THE DIABETIC FOOT 


Problems of the diabetic foot are the most common cause of hospi- 


talization in diabetic patients. with an annual health care cost of 


over $1 billion." Diabetes is a contributing factor in half of all 
lower extremity amputations in the United States. and the relative 
risk for amputation is 40 times greater in people with diabetes.” 
Diabetic foot ulceration will affect 15% of all diabetic individuals 
during their lifetime and is clearly a significant risk factor in the 
pathway to limb loss.”’ The principal pathogenetic mechanisms in 
diabetic foot disease are neuropathy, infection, and ischemia: act- 
ing together, they contribute to the sequence of tissue necrosis, ul- 
ceration, and gangrene (Fig. 50-3). 


FIGURE 50-3. The biologically compromised 
foot. Multiple abnormalities, including sen- 
sorimotor neuropathy. altered architecture. 
microvascular dysfunction, ischemia, and in- 
fection contribute to the diabetic foot. (Re- 
produced from Akbari et al) 
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As discussed previously. the etiology of diabetic neuropathy 
unknown and most likely multifactorial. Peripheral neuropathy is 
common complication of diabetes, afflicting as many as 50-60 
of all patients.” and is present in over 80% of diabetic patien 
with foot lesions, thus further emphasizing the direct relationsh 
between neuropathy and foot ulceration.” Neuropathy is broad 
classified as focal or diffuse; the latter is more common and i 
cludes the autonomic and chronic sensorimotor polyneuropathie 
which both contribute to foot ulceration. 

Sensorimotor neuropathy initially involves the distal lower e 
tremities, progresses centrally, and is typically symmetric. Senso 
nerve fiber involvement leads to loss of the protective sensatic 
of pain, whereas motor fiber destruction results in small musc 
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atrophy in the foot. Consequently, the metatarsals are flexed, with 
metatarsal head prominence and “clawing” of the toes. This causes 
abnormal pressure points to develop on the bony prominences 
without sensation, with subsequent callus formation, cracking, 
erosion, and ulceration. Meanwhile, autonomic neuropathy in the 
foot causes loss of sympathetic tone, which results in increased ar- 
teriovenous shunting and inefficient nutrient flow. Autonomic den- 
ervation of oi] and sweat glands leads to cracking of dry skin, 
which further predisposes the diabetic foot to skin breakdown and 
ulceration.” 

The spectrum of infection in diabetic foot disease ranges from 
superficial ulceration to extensive gangrene with fulminant sepsis 
(Fig. 50-4). Most infections are polymicrobic, with the most com- 
mon pathogens being staphylococci and streptococci; more com- 
plicated ulcers may harbor anaerobes and gram-negative bacilli. 
Potential sources of diabetic foot infection include a simple punc- 
ture wound or ulcer, the nail plate, and the interdigital web space. 
Untreated infection can lead to bacterial spread along tendon 
sheaths and fascial planes, destruction of the interosseous fascia, 
and spread to the foot dorsum. Edema in the foot elevates compart- 
mental pressures, with resultant capillary thrombosis and further 
impairment of nutrient blood flow. 

Classical signs of infection may not always be present in the 
infected diabetic foot due to the consequences of neuropathy, alter- 
ations in the foot microcirculation, and leukocyte abnormalities. 
Fever, chills, and leukocytosis may be absent in up to two-thirds of 
diabetic patients with extensive foot infections, and hyperglycemia 
is often the sole presenting sign.” Therefore, a complete examina- 
tion of the infected areas is mandatory, and the wound should be 
thoroughly inspected, including unroofing of all encrusted areas, to 
determine the extent of involvement. Because most infections are 
polymicrobic, cultures should be obtained from the base or depths 
of the wound after debridement so that appropriate antibiotic treat- 
ment may ensue. 

Osteomyelitis is common in diabetic foot ulceration and may be 
demonstrated by bone biopsies in almost 70% of benign-appearing 


ulcers.” A variety of diagnostic tests may be ordered to assist in the 
diagnosis, including plain radiographs, a three-phase bone scan, la- 
beled leukocyte scans, CT scans, and magnetic resonance imaging. 
Criticism may be leveled at the indiscriminate use of these tests and 
a costly “shotgun” approach to the diagnosis of osteomyelitis. A 
more cost-effective approach involves the use of a sterile probe to 
detect bone in an open ulcer.” With a positive predictive value of 
nearly 90%, osteomyelitis should be presumed if bone is palpated 
on probing, thus rendering other specialized and expensive radio- 
graphic tests unnecessary. 

A critical step for limb salvage in patients with diabetic foot ul- 
ceration is a thorough evaluation for ischemia. The complex milieu 
of motor and sensory neuropathy, capillary basement thickening, 
loss of the neurogenic inflammatory response, as well as the wide 
spectrum of microcirculatory and endothelial abnormalities, results 
in a biologically compromised foot. Even moderate ischemia may 
lead to ulceration under these circumstances. Thus the concept of 
ischemia must be modified in making decisions about arterial re- 
construction in the diabetic foot, since the biologically compro- 
mised foot requires maximum circulation to heal an ulcer. This 
leads to three significant principles: (1) All diabetic foot ulcers 
should be evaluated for an ischemic component; (2) correction of a 
moderate degree of ischemia will improve healing in the biologi- 
cally compromised diabetic foot; and (3) whenever possible, the 
arterial reconstruction should be designed to restore normal arterial 
pressure to the target area. Ultimately, all limb salvage efforts will 
fail unless ischemia is recognized and corrected. 

Treatment of the diabetic foot should be directed toward the 
pathogenic factors outlined above. The most important treatment 
guidelines are as follows”: 


1. Prompt control of infection. This assumes first priority in the 
management of any diabetic foot problem. 

2. Evaluation for ischemia. 

3. Prompt arterial reconstruction once active infection has re- 
solved. 


FIGURE 50-4. Fulminant sepsis in a 52-year-old with an infected diabetic foot. Corresponding x-rays demon- 
strated gas within the soft tissues (white arrow), consistent with a polymicrobic and opportunistic infection, Note 
the absence of cellulitis, due to, among other l'actors, the consequences of neuropathy and loss of the nociceptive 
reflex, 
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4. Secondary procedures, such as further debridement, toe ampu- 
tations, local flaps, and even free flaps, may then be carried out 
separately in the fully vascularized foot. 


DIABETES AND LOWER EXTREMITY 
VASCULAR DISEASE 


Lower extremity arterial disease is more common among patients 
with diabetes. The presence of diabetes is associated with a two- to 
threefold excess risk of intermittent claudication compared with its 
absence.” Despite significant advances in the prevention and treat- 
ment of peripheral vascular disease, diabetes continues to be the 
single strongest cardiovascular risk factor for the development of 
critical leg ischemia and limb loss.'” 

Unlike microvascular disease, which is unique to diabetes and 
its metabolic alterations, the cause of lower extremity ischemia is 
similar in both diabetic and nondiabetic patients and is due to ac- 
celerated atherosclerosis. One notable difference between these 
populations is the pattern and location of the occlusive atheroscle- 
rotic lesion. As noted earlier, there is no evidence for an occlusive 
lesion at the arteriolar level (“small-vessel] disease”) in patients 
with diabetes. However, diabetic patients are more likely to have 
atherosclerotic disease affecting the infrapopliteal (tibial) arteries, 
with sparing of the foot arteries,’ which allows for successful ar- 
terial reconstruction to these distal vessels. Conversely, the superfi- 
cial femoral or popliteal artery is less likely to be affected by the 
occlusive process, allowing these vessels to serve as a possible in- 
flow source for bypass grafting. 

Because the foot vessels are often patent in the diabetic patient, 
and because of the success of bypass grafting to these vessels, an 
appropriate evaluation for ischemia is essential in diabetic patients. 
Unless ischemia is recognized and corrected, limb salvage efforts 
with the diabetic foot will fail, even if infection and neuropathy 
have been appropriately treated. 

As with any other disease process, evaluation should begin 
with a detailed history and physical exam. In the patient with a dia- 
betic foot ulcer, it is helpful to consider the duration of the ulcer, 
the type of treatments utilized, and any past history of foot ulcera- 
tion and treatment. Although nocturnal rest pain in the foot is 
strongly suggestive of lower extremity arterial disease in the nondi- 
abetic patient, the variable effects of neuropathy make pain more 
difficult to evaluate in the diabetic limb. Similarly, claudication 
symptoms may be entirely absent in the patient with an ischemic 
diabetic foot ulcer. Long-standing foot ulceration, coexisting car- 
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diac disease (such as angina or heart failure), and sensorimotc 
neuropathy may all limit the ability to ambulate sufficiently t 
manifest claudication symptoms. 

Physical examination should be directed toward the underlyin 
pathophysiology of foot ulceration. Neuropathy may easily be eval 
uated: Observation may reveal the morphologic motor abnormali 
ties such as “claw foot” or Charcot’s osteoarthropathy; monofila 
ment testing will assess the degree of sensory neuropathy. Notin; 
the location of the ulcer may also be helpful, in that purely is 
chemic lesions typically occur in the most distal parts of the foot 
such as the toes, forefoot, or heel, in contrast to the neuropathic ul 
cers seen on the weight-bearing areas. 

All ulcers, including those with a significant neuropathic com 
ponent, should be assessed for an ischemic component. The mos 
important observation is the presence or absence of a palpable foo 
pulse; in simplest terms, if the foot pulses are not palpable, it car 
be assumed that occlusive disease is present. 

A variety of noninvasive arterial tests may be ordered in an ef. 
fort to quantify the degree of ischemia. However, in the presence o} 
diabetes, all of these tests have significant limitations. Althougt 
Doppler-derived pressures have proved to be reliable in localizing 
the degree and level of arterial occlusive disease in nondiabetic pa- 
tients, their use is limited in the presence of diabetes. Medial arte- 
rial calcinosis occurs frequently in diabetic patients and is charac- 
terized by a nonobstructive calcification of the vessel wall at the 
media layer; its presence can result in noncompressible arteries 
with artifactually high segmental systolic pressures and ankle- 
brachial indices. Medial calcification should be suspected when- 
ever the ankle pressure greatly exceeds arm pressure or when the 
Doppler signal at the ankle cannot be obliterated with greater than 
250 mm Hg pressure. The finding of lower levels of calcification in 
the toe vessels supports the use of toe systolic pressures as a more 
reliable indicator of arterial flow to the foot." However, the use of 
toe pressures is often limited by the proximity of the foot ulcer to 
the cuff site, the size of the cuff itself, and other extrinsic variables. 

Segmental Doppler waveforms and pulsed volume recordings 
are unaffected by medial calcification. A normal Doppler wave- 
form is triphasic; with proximal obstruction, the waveform be- 
comes monophasic (Fig. 50-5). Pulse volume recordings rely on 
plethysmographic recordings of the change in volume that occurs 
with each pulsation. A sharp upstoke, narrow peak, and dicrotic 
notch characterize a normal recording. With increasing levels of 
arterial insufficiency, the waveform loses the dicrotic notch, fol- 
lowed by loss of amplitude and blunting of the waveform (Fig. 
50-6). Since neither of these tests relies on obliterating flow within 


FIGURE 50-5. The normal Doppler tracing on the left illustrates a triphasic flow pattern, with forward flow in 
systole (first arrow), a reversal of flow in early diastole (second arrow), and a secondary forward flow in late 
diastole (third arrow). With proximal arterial obstruction, the waveform becomes monophasic (right), with loss 
of the reverse flow component and blunting of the systolic peak. 
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FIGURE 50-6. Normal pulse volume recordings (PVRs) on the left illustrate a brisk, sharp rise to the systolic peak. 
with a dichrotic notch (indicated by the arrow on the calf tracing). With increasing levels of proximal arterial 
obstruction (right), the waveform loses the dichrotic notch. the peak becomes more rounded. and the downslope 
is prolonged. Severe occlusive disease produces a flattened waveform with a slow upstroke and downstroke. 


a vessel (unlike Doppler-derived pressures), they may prove useful 
in the diabetic patient with suspected arterial insufficiency. How- 
ever, significant limitations exist in their use, and caution should 
be exercised when interpreting results. Evaluation of these wave- 
forms is primarily qualitative and not quantitative. A flat forefoot 
tracing is a convincing demonstration of ischemia, but it is difficult 
to make clinical decisions based on the magnitude of the wave- 
form. Similarly, severity of arterial insufficiency cannot be accu- 
rately interpreted, since no reliable quantitative scoring exists. In 
addition, the quality of the waveforms is affected by peripheral 
edema, cuff size, and motion artifact. Finally, the presence of ul- 
ceration, especially at the forefoot level, often precludes accurate 
cuff placement. 

Regional transcutaneous oximetry (TcPO2) measurements are 
also unaffected by medial calcinosis, and recent studies have noted 
its reliability in predicting healing of ulcers and amputation lev- 
els.” Limitations, including a lack of equipment standardization, 
user variability, and a large “gray area” of values, preclude its ap- 
plicability. Furthermore, TcPo. measurements are higher in dia- 
betic patients with foot ulcers compared with the nondiabetic pop- 
ulation, which further limits the ability of this test to predict 
ischemia.'™ 

The limitations of noninvasive vascular testing in diabetic pa- 
tients with foot ulceration emphasize the continued importance of a 
thorough bedside evaluation and clinical judgment. To reiterate, the 
status of the foot pulse is the most important aspect of the physical 
exam. In simplest terms, it can be assumed that occlusive disease is 
present if the foot pulses are not palpable. This finding alone is an 
indication for contrast arteriography in the clinical setting of tissue 


loss, poor healing, or gangrene, even if neuropathy may have been 
the antecedent cause of skin breakdown or ulceration. 

Concern for contrast-induced renal failure should not mitigate 
against a high-quality angiogram of the entire lower extremity cir- 
culation. The incidence of contrast nephropathy is not higher in the 
diabetic patient without preexisting renal disease, even with the use 
of ionic contrast." The more costly nonionic agents should be 
reserved for the diabetic patient with compromised renal function. 
Even in this group, the concern for contrast nephropathy should not 
delay arteriography, as it seldom requires dialysis for treatment. 
More recently, attention has focused on the roles of magnetic 
resonance angiography, carbon dioxide angiography, and duplex 
scanning as replacements for contrast arteriography. However, 
each has its own limitations. and although we have selectively 
utilized these modalities, we continue to rely heavily on a high- 
quality contrast arteriogram for most of our patients requiring dis- 
tal arterial reconstruction. 

Whatever preoperative imaging modality is chosen prior to 
arterial reconstruction, it is mandatory that consideration be given 
to the pattern of lower extremity vascular disease in patients with 
diabetes. Because the foot vessels are often spared by the athero- 
sclerotic occlusive process, even when the tibial arteries are oc- 
cluded, it is essential that arteriograms not be terminated at the 
midtibial level. The complete infrapopliteal circulation should be 
incorporated, including the foot vessels. The advent of digital sub- 
traction angiography, which allows for subtraction of the bones 
from the final images, has greatly helped in visualizing these distal 
vessels. Both anteroposterior and lateral foot views should be in- 
cluded to differentiate branch vessels and to visualize all stenoses. 
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PRINCIPLES OF ARTERIAL RECONSTRUCTION 
IN THE DIABETIC FOOT 


A complete arteriogram will facilitate the choice of an outflow ar- 
tery that will restore a palpable foot pulse. Proximal bypass to the 
popliteal or tibioperoneal arteries may restore foot pulses. More 
often, however, because of the pattern of occlusive disease in the 
diabetic patient, bypass grafting to the popliteal or even tibial arter- 
ies cannot accomplish this goal, due to more distal obstruction. 
Similarly, although excellent results have been reported with per- 
oneal artery bypass,” the peroneal artery is not in continuity with 
the foot vessels and may not achieve maximal flow, particularly to 
the forefoot, to achieve healing. 

Restoration of the foot pulse is a fundamental goal of revascu- 
larization in the diabetic foot. Specifically, autogenous vein graft- 
ing to the dorsalis pedis, distal posterior tibial, and plantar arteries 
incorporates our knowledge of the anatomic pattern of diabetic vas- 
cular disease and provides durable and effective limb salvage. The 
choice of outflow artery should be based on availability of conduit, 
the location of the foot ulcer, and the quality of the outflow vessel. 

The dorsalis pedis bypass represents the single most important 
advance in our management plan for diabetic limb salvage% 
(Fig. 50-7). Fundamental to the success of the dorsalis pedis by- 
pass are meticulous technique and its appropriate use. The princi- 
pal indication for the pedal graft is when there is no other vessel 
that has continuity with the foot, particularly in cases with tissue 
loss. Dorsalis pedis bypass is unnecessary when a more proximal 
bypass will restore foot pulses and should not be done if there is an 
inadequate length of autogenous vein. In addition, if the dorsum of 
the foot is extensively infected and the peroneal artery is of good 
quality on the preoperative arteriogram, preference should be given 
to peroneal artery bypass. 

Technical feasibility and short-term durability of dorsalis pedis 
arterial bypass have been demonstrated, with patency and limb sal- 
vage rates approaching 90% at 3 years.''° A more extensive 8-year 
experience encompassing 384 vein grafts to the dorsalis pedis ar- 
tery in 367 patients has been reported.''' Ninety-five percent of the 
patients had diabetes mellitus. and all procedures were performed 
for limb-threatening ischemia. Twenty-nine grafts (7.5%) failed 
within the first 30 days, but 19 were successfully revised when a 
correctable technical problem was found at reoperation. The peri- 
Operative in-hospital mortality rate was 1.8%, and the actuarial 
primary and secondary patency rates were 68% and 82% at 5-year 
follow-up. Furthermore, the limb salvage rate was 87% at 5 years, 
again attesting to the durability of the dorsalis pedis graft. 

The distal location of the dorsalis pedis artery theoretically ne- 
cessitates a long venous conduit, which is often not attainable. 
However, by using the popliteal or distal superficial femoral artery 
as an inflow site, a shorter length of vein may be used, with excel- 
lent long-term patency.''? This is particularly true in the diabetic 
patient, again due to the pattern of atherosclerotic disease. In the 
authors” institutional experience of 384 pedal bypasses over a 
7-year period, 60% of grafts utilized the more distal inflow site, 
usually the popliteal artery. This avoids dissection in the groin and 
upper thigh, a common location for wound complications, and also 
obviates the need for foot extension of the vein harvest incision. 
The approach is flexible, in that the vein graft to the dorsalis pedis 
artery can be prepared as an in situ, reversed, or nonreversed vein 
graft, without any significant difference in outcome.''? With the in 
situ or nonreversed graft, the valves may be lysed blindly or, 
preferably, cut under direct vision with an angioscope. This also 
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FIGURE 50-7. Temporal photographs illustrating the methodical use of the 
dorsalis pedis bypass for limb salvage. Evaluation for ischemia in a patient 
with gangrene (top photo) revealed extensive lower extremity arterial oc- 
clusive disease and a patent dorsalis pedis artery. A bypass to the dorsalis 
pedis was performed (middle photo). Once the foot was fully revascular- 
ized, a local amputation was performed, with resultant adequate healing 
and limb salvage (bottom photo). 


allows for concomitant angioscopic assessment of the vein to de- 
tect any intraluminal abnormilities.'"* 

Active infection in the foot is commonly encountered in the 
complicated ischemic diabetic foot. However, it is not a contraindi- 
cation to dorsalis pedis bypass, as long as the infectious process 
is controlled and located remotely from the proposed incision. 
Adequate control implies resolution of cellulitis, lymphangitis, and 
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FIGURE 50-8. Vein graft patency, limb salvage, and survival rates for nearly 1000 patients at the authors’ institu- 
tion, all followed for 5 years or more. Note the virtually identical rates for patients with and without diabetes (DM 


and NON-DM). (Reproduced from Akbari et al.!"”) 


edema, especially in areas of proposed incisions required to expose 
the distal artery or saphenous vein. The results of 56 vein bypasses 
to the dorsal pedal artery in patients with ischemic foot lesions 
complicated by infection were recently reviewed.''° This included 
15 patients with severe gangrene, osteomyelitis, and/or deep space 
abscess. The average duration between admission and bypass was 
10 days. Although there was a 12% wound infection rate, the pri- 
mary graft patency was 92% at 36-month follow-up. This aggres- 
sive approach to revascularization in the ischemic and infected foot 
resulted in a limb salvage rate of 98% at the end of 3 years. 

In the patient with an ischemic heel ulcer or gangrene, first con- 
sideration should be given to the posterior tibial or plantar arteries if 
they are patent by preoperative imaging. However, the absence of a 
patent posterior tibial artery is not a contraindication to arterial by- 
pass and limb salvage. The role and efficacy of dorsalis pedis artery 
bypass in the treatment of ischemic heel lesions was recently exam- 
ined in 96 patients who had undergone pedal bypass for heel ulcera- 
tion.''® Compared with a similar cohort of 336 patients with forefoot 
lesions undergoing dorsalis pedis bypass, there were no differences 
at 5 years with respect to primary patency, secondary patency, or 
limb salvage. More importantly, dorsalis pedis bypass accomplished 
complete healing in 87% (84/96) of heel lesions, with healing rates 
being independent of the presence or absence of an intact pedal arch, 
and it allowed for a limb salvage rate of almost 90% at 5 years. 

Despite the technical success of lower extremity bypass in pa- 
tients with diabetes, concerns continue about long-term patient 
function and survival. To evaluate the question of late graft pa- 
tency, limb salvage. and survival among diabetic patients, a recent 
report reviewed the experience with lower extremity revasculariza- 
tion in a largely diabetic population of nearly 1000 patients fol- 
lowed for 5 years or longer.''’ A total of 962 vein grafts were per- 
formed on 843 patients, of which 83% (795 grafts) were in patients 
with diabetes. Minimum follow-up was 5 years and extended up to 
9 years. The dorsalis pedis or plantar/tarsal arteries served as the 
outflow artery in 271 (35%) of the diabetic patients. Cumulative 
5-year primary graft patency was 74.7% overall, with no difference 
among patients with and without diabetes (diabetic 75.6% versus 
nondiabetic 71.9%). The secondary graft patency rate was 76.2% 
for the entire cohort and was also similar between the diabetic and 
nondiabetic group (diabetic 77% versus nondiabetic 73.6%). Most 
importantly, 5-year limb salvage and survival rates were virtually 
identical in diabetic and nondiabetic patients. The overall limb sal- 
vage rate was 87.1% (diabetic 87.3% versus nondiabetic 85.4%). 


Survival at 5 years was 58.1% in the entire cohort (diabetic 58.2% 
versus nondiabetic 58.0%). These data strongly emphasize that 
concern for long-term mortality, limb loss, and graft patency in di- 
abetic patients is unnecessary and should not prevent the aggres- 
sive attempts at distal bypass required for limb salvage (Fig. 50-8). 
Following successful revascularization, secondary procedures 
may be performed for both limb and foot salvage. Chronic ulcera- 
tions may be treated by ulcer excision, arthroplasty, or hemipha- 
langectomy. In the patient with extensive tissue loss, both local 
flaps and free flaps may be used. Due to the architecture of the 
diabetic foot, underlying bony structural abnormalities are often the 
cause of ulceration and may be corrected by metatarsal head resec- 
tion or osteotomy. Heel ulcers may be treated by partial calcanec- 
tomy and local (e.g., flexor tendon) or even free flap coverage. 


CONCLUSIONS 


The patient with diabetes and peripheral vascular disease repre- 
sents a uniquely complex pathophysiology involving microcircula- 
tory and macrovascular disease. Because much of the disability 


FIGURE 50-9. Beginning with the introduction of the pedal bypass in 1984, 
and concomitant with a rise in all distal lower extremity arterial reconstruc- 
tions. there has been a significant drop in every category of amputations at 
the authors’ institution. TMA, transmetatarsal amputation: BKA, below- 
knee amputation: AKA, above-knee amputation. (Reproduced from LoGerfo 
etal.) 
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and morbidity of diabetes are directly caused by these vascular 
changes, an understanding of diabetic vascular disease is critical 
for reducing the overall morbidity and mortality of diabetes. 


Knowledge of diabetic vascular disease should be incorpo- 


rated into every aspect of the treatment plan. Taking a systematic 
and aggressive approach to diabetic foot disease has resulted in 
improved limb and foot salvage. As can be seen in Fig. 50-9, there 
has been a significant reduction in every category of lower limb 
amputation since 1984, with a concomitant increase in the number 
of patients undergoing arterial reconstruction and a greater appli- 
cation of the dorsalis pedis bypass graft. It is very likely, there- 
fore, that further awareness of diabetic peripheral vascular disease 
can lead to a greater reduction in overall diabetic morbidity and 
mortality. 
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CHAPTER 651 


The Diabetic Foot 


William C. Coleman 


INTRODUCTION 


The history of caring for the feet of persons with diabetes is fraught 
with frustration for medical professionals, family members, and 
patients. During the last decade of the twentieth century there has 
been a continuing refinement of interventional techniques to im- 
prove vascular flow to the lower extremities of persons with dia- 
betes. New topical medications and dressings have been introduced 
to improve the management of foot wounds in diabetic patients. 
Despite these advances, during this same period of time, there has 
been a disappointing 22% increase in the total number of amputa- 
tions performed on this diabetic population. 

During the 1980s more than 55,000 diabetic foot amputations 
were performed annually in the United States.' In 1991, the U.S. De- 
partment of Health and Human Services set several goals it wanted 
to achieve by the year 2000. One of these goals was to lower the an- 
nual number of amputations of the feet of diabetics by 40%.” By the 
end of the 1990s the annual number of lower extremity amputations 
in the diabetic population had risen to over 67,000. 

In the United States, the majority of these amputations have 
been done on patients who receive Medicare benefits. Wrobel and 
colleagues found that diabetes-related amputations were 53% of all 
amputations within the Medicare population in 1996 and 1997.* 
There were 44,599 major amputations in the Medicare diabetic 
population, or 3.69 amputations per 1000 patients with diabetes, 
versus 0.39 amputations per 1000 patients among the nondiabetic 
patients. The highest rates of amputation among persons with dia- 
betes on Medicare were in Califomia, Texas, New Mexico, and the 
upper Midwest and mid-Atlantic states. 

The answers to reducing the majority of these amputations 
have been emerging over the past 20 years. Successful amputation 
prevention practices have been repeatedly confirmed by several 
studies over the past two decades. At Grady Memorial Hospital 
from 1972-1974, the amputation rate dropped 50%.” The amputa- 
tion rate declined 44% at Kings College Hospital in London in 2 
years.° In Memphis, a 68% reduction was achieved in 2 years.’ 
Assal applied his principles to the clinical practices of the Univer- 
sity Hospital of Geneva, and the rate of below-the-knee amputa- 
tions dropped 85% in 4 years.” The first randomized, blinded, 
prospective controlled trial was reported by Litzelman and col- 
leagues.” Their experimental group was 0.41 as likely to develop 
serious foot lesions as the control group. 

In Spain, 318 diabetic patients with neuropathy were followed 
by Calle-Pascual and associates for 3-6 years for their compliance 


with participation in an education and foot monitoring program. 
The program entailed an extensive educational program, changit 
from inadequate to more adequate foot care behavior within the fir 
6 months, regular visits to a routine foot care specialist, at least o1 
foot review every 6 months, and an annual diabetic treatment revie' 
One group (223 patients) complied with all aspects of the continuir 
program and a second group (95 patients) did not. Seven ulcers d 
veloped on six patients in the first group and 30 ulcers appeared « 
26 patients of the second group. The second group had 19 lower e: 
tremity amputations (LEAs) and the first group had one LEA. TI 
compliant group had a 13 times lower risk of experiencing a fir 
foot ulcer than the less compliant group. 

Often, when clinicians hear of the results of these studie 
they will develop seminar programs for professionals and patien 
in their communities. Unfortunately, even with the best intention 
small educational seminars, focus groups of physicians ar 
nurses, and programs that do not target specific professional b 
havioral changes have failed to improve the morbidity statisti 
for diabetic foot pathology.'! As in the case of the goals set by tl 
Department of Health and Human Services in the United State 
around the world national programs were developed to decrea: 
amputation rates among diabetic populations throughout the la 
decade of the twentieth century. All of these large-scale, nation 
initiatives failed to demonstrably decrease national amputatic 
rates. 

There are several examples of small-scale, single-institutic 
success. Each of these came as the result of multidisciplinary fo: 
care teams directed by a knowledgeable, influential leader. In all: 
these studies foot specialists, and/or specialized education tecl 
niques on foot care, were incorporated into multidisciplinary pri 
grams. In all of them, regular preventive visits were scheduled ' 
help the patients monitor their feet and to reinforce the need fi 
constant protective behavior. 

As cited above, the program that has produced the most effe: 
tive reduction of amputations published to date (85%) was heade 
by Assal at the University of Geneva. Assal contends that this prol 
lem persists because medical education poorly prepares the profe 
sional for the management of chronic diseases. The profession 
education is focused on the diagnosis of the disease followed t 
the treatment. But the educational process does not prepare tł 
physician for the psychological and sociological problems th 
emerge when patients have to be constantly active in the manag 
ment of a lifelong disease. In these chronic diseases a more holist 
approach is warranted.'* 
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Vasculopathy and Neuropathy 


When a medical professional thinks of the spectrum of diabetic 
foot problems, two major contributing factors come to mind. These 
are peripheral neuropathy and peripheral vascular disease. In the 
context of foot management, it is the neuropathy that increases the 
likelihood that the person will develop a serious foot wound. Pe- 
ripheral vascular disease rarely increases the chance of injury oc- 
curring, but an injury to a limb with severe arterial occlusive dis- 
ease increases the possibility of limb loss.'? A moderate vascular 
impairment may be present without symptoms and may be compat- 
ible with the natural life expectancy for the limb. More severe dis- 
ease may be capable of maintaining the tissues as long as no signif- 
icant injury occurs. If an ingrown toenail or ulcer then occurs, and 
remains untreated because of a lack of pain sensation, the infection 
may spread throughout the foot, creating a gross infection that de- 
mands more blood supply than the impaired vessels can provide. 
The resulting gangrene may demand an amputation. The hospital 
records may show the cause as diabetic gangrene or vascular insuf- 
ficiency, and may thus fail to correctly identify the neuropathy that 
allowed the process to continue undetected by the patient, until it 
was too late to salvage the limb. 

At the center of the success of the programs that are able to 
achieve significant reductions in their numbers of lower extremity 
amputations is their ability to manage the ramifications of lower 
extremity sensory loss. 


INJURY PREVENTION 


During a meeting of the National Diabetes Advisory Board in 1980, 
a group of experts was asked to make recommendations that would 
result in better foot care and prevention of amputation. Those who 
expected advice on modern medications or vascular surgery were 
surprised when the first recommendation was for a national cam- 
paign to advise doctors to take off the patient’s shoes. '* It was deter- 
mined that the primary problem was that patients did not complain 
to their doctors or report the early stages of their foot disability be- 
cause they had no pain. Therefore, doctors must take the initiative 
and look for early lesions. Physicians are 3—4 times more likely to 
examine a patient’s feet if the shoes and socks are removed before 
the doctor enters the examination room. '* 

This aspect is mentioned first because many physicians over- 
look this simple maneuver. It may seem incredible that a person 
would walk on a foot and fail to note that it was swollen and in- 
fected or that it had an open ulcer on the sole. However, when sen- 
sation is lost, individuals commonly lose a sense of identity with 
their insensitive parts, and thus fail to note obvious problems. An 
insensitive limb feels like a wooden block fastened to the body and 
is treated as such. In a sense, such action may be a deep rejection of 
a “dead” body part. 

As the result of following 51 of their regular diabetic foot 
clinic patients, Mantey and associates found that foot ulcers most 
frequently recurred in patients with the poorest glycemic control 
and the most profound distal neuropathy.’ They also found that 
those with recurrent ulceration tended to delay reporting early 
signs and symptoms of the new injury. 

Every health professional who wants to help these people 
needs to know this and to help the person understand the conse- 
quences of this neglect. If the patients recognize the danger, they 
will be able to readjust their mindsets to compensate for this lack 


of feeling. They can be helped to give very special conscious care 
to make up for the potential for subconscious neglect. Only with 
understanding and education will they obey rules of foot care 
which otherwise might be regarded as unnecessary and unimpor- 
tant. One session is not enough. Patients need to have their foot 
consciousness reinforced frequently and in diverse ways, espe- 
cially if they are thought to have slipped into neglect. Such educa- 
tion and reinforcement must be done with sympathy, understand- 
ing, and good humor if it is to succeed. The patient is quick to 
detect an impatient, angry, or intolerant attitude from the health 
care professional, and this will only lower the patient’s self- 
image, and may lead to concealment of the problem foot next at 
the next medical checkup. 

Soon after a person has been told that they have diabetes and 
become aware that it will be with them for the rest of their life, they 
go through stages of acceptance similar to the psychological ad- 
justment we experience after the death of a close acquaintance. ' 
These may include denial, revolt, bargaining, depression, and/or 
acceptance. The rate at which an individual passes through these 
stages varies. When the patient is diagnosed with subsequent pe- 
ripheral neuropathy and learns of the lifestyle changes necessary to 
successfully protect the feet, in most cases a second period of psy- 
chological adjustment is needed. To compound the problem of foot 
care, very few persons with diabetes lose all of the feeling in their 
feet. The medical team and family members are faced with the task 
of effectively achieving compliance with needed lifestyle changes 
to protect the feet while patients still have some sensation in their 
feet. Physicians must be aware that these psychological and physi- 
cal factors can be present and may interfere with successful foot 
care management. 


PROTECTIVE SENSATION 


The threshold of sensation that protects a normal foot strikes a very 
delicate balance. The purpose of pain sensation is not to cause pain, 
but to allow the body to act to minimize damage. A person who has 
lost some pain sensation has not lost the ability to feel pain; he or 
she feels it at a higher level of stress. It takes more pressure, higher 
temperatures, and more prolonged ischemia before the residual pe- 
ripheral nerves are activated. 

Peripheral, symmetrical, lower extremity sensorimotor 
polyneuropathy affects approximately 50% of all persons who 
have had diabetes more than 15 years.’ It does not take total sen- 
sory loss for trophic ulcers to develop in persons with diabetes. 
Gross testing for pinprick or for touch may reveal remnants of sen- 
sation. Therefore, one should not be surprised if breakdown occurs. 
The problem is that a foot may be vulnerable to damage long be- 
fore gross sensory loss is noted. The physician or therapist must 
identify the degree of sensory loss that puts a person at risk. This 
involves a quantitative test of sensation, which should be repeated 
at least annually for every person with diabetes. Because sensory 
mapping is time consuming, we have tried to identify the simplest 
and fastest test that will discern feet that need protection and that 
will identify the areas of the foot that are most at risk. 

The sensory test used in many specialist clinics is based on the 
principle of von Frey.'* He used horse hair of various thicknesses 
and lengths, and noted that the force needed to bend a given hair 
was the same every time. This principle could be used to quantify 
sensibility. Semmes and Weinstein’? used the same principle with a 
series of monofilament nylon fibers of varied diameters. These 
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were calibrated to bend when different forces were applied to the 
ends of the fibers. 

In 1986, Birke and Sims published a study of insensitive feet, 
using selected fibers from the Semmes-Weinstein series.” They 
demonstrated that patients who could feel the filament that bent 
under a 10-g force (designated 5.07 on the Semmes-Weinstein 
scale) were unlikely to suffer damage and ulceration to their feet 
under normal walking conditions. Patients who could not feel that 
fiber were the ones who had problems. This was a retrospective 
study, but the 10-g fiber has since been used prospectively to 
identify patients who need special care and education, as well as 
special care in choice of shoes. They have found it to be a reliable 
index of vulnerability. This group now recommends the use of 
just three fibers for the testing of diabetic feet. These are: (1) the 
l-g fiber (Semmes-Weinstein rating of 4.17), which can be felt by 
normal feet and which identifies the early onset of sensory neu- 
ropathy at a stage when special care may not be necessary; (2) the 
10-g (5.07 rating) fiber, to identify the areas that need to be 
protected; and (3) a third fiber (75g), to identify areas that have 
lost all protective sensation (6.10 rating). Clearly, the 10-g fiber is 
the important one. Busy diabetic clinics may benefit from fre- 
quent tests with one fiber, rather than less frequent full mapping 
of sensation. 


RISK CATEGORIZATION 


With the use of a quantifiable test for protective sensation, the cli- 
nician can then begin to identify patients most likely to develop 
neuropathic injury. Several studies have been conducted during the 
last decade to identify factors that add to the morbidity of the dia- 
betic foot. 

In a prospective study of 749 patients, Boyko and coworkers 
found diabetic foot ulcers develop as the result of multiple fac- 
tors.”! These factors included neuropathy, diminished vascular per- 
fusion, foot deformity, higher pressures under the foot, severity of 
diabetes, and comorbid complications from diabetes. In a study of 
225 subjects, Lavery and associates? found that persons with dia- 
betes and neuropathy were 1.7 times more likely to develop foot ul- 
ceration. If the person also has foot deformity (limited great toe 
motion, bunion, or toe deformity), the patient is 12.1 times more 
likely to experience a foot ulcer. If they have an amputation of the 
lower extremity, their risk of ulceration on the opposite limb in- 
creases to 36.4 times normal. 

By being aware of these data, the clinician can begin to catego- 
rize patients according to their risk of developing foot injury. 


Category 0 


This category includes all persons diagnosed as having diabetes. 
These patients need to be monitored periodically for glycemic con- 
trol and the development of pathology related to their diabetes. 
These people also need to be made aware of the relationship be- 
tween glycemic control and the emergence of comorbid conse- 
quences. They need to be educated about the signs detailed in pre- 
vious chapters that indicate that damage to the vasculature or 
Nerves is occurring. This is a good time to begin counseling the 
person on the need for properly fitting, conservative footwear. 
These patients should be evaluated each year for signs of lower ex- 
tremity neuropathy or arterial occlusive disease. 
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Category 1 


A person is placed in this category when they have been identified 
as having peripheral neuropathy, either by failing to feel the 
Semmes-Weinstein 10-g monofilament, or because of excessively 
dry skin. Dryness of the skin is a good indicator of autonomic 
nerve loss. The authors have found that feet that can sweat nor- 
mally rarely become ulcerated. This does not mean that it is the 
loss of the autonomic fibers that makes the foot vulnerable. It sug- 
gests that a significant loss of touch sensation occurs at about the 
same time as the loss of sweating. 

These persons are at much higher risk of pedal injury. They 
need to be educated on the need for daily visual foot inspection. 
They must be made aware that they can no longer trust the feelings 
in their feet as an indication of the presence or severity of a wound. 
They must contact their physician or other medical staff member as 
soon as possible for assistance with the care of the wound. Their 
prior experience has not prepared them for managing wounds in 
the presence of neuropathy. 

If at all possible, persons in this category must have a compe- 
tent professional ensure that all of their shoes fit properly. Tapered- 
toe shoes, pumps, and other footwear that excessively stress the 
toes pose a risk to the foot. Toenails and calluses should be main- 
tained by a trained medical professional. These patients should 
have their feet medically evaluated at least every 6 months. 


Category 2 


Persons in this category not only have diabetes and neuropathy, but 
they also have a foot deformity. The deformity may be very subtle, 
such as a limited subtalar joint range of motion, or very obvious, as 
in the case of a large bunion deformity. The lesser toes commonly 
curl into clawed-toe deformity on diabetic patients with neuropa- 
thy. Any bony prominence, significant lack of joint motion, or 
gross malalignment of the foot qualifies as deformity. 

The presence of elevated blood glucose results in the glycosy- 
lation of many tissues in the body. Zilberberg found a higher den- 
sity of nonenzymatic, cross-linked pentosidine in the plantar skin 
of amputated diabetic feet as compared to similar skin from non- 
diabetic controls.” The skin of the feet of persons with diabetes 
was less flexible. Nonenzymatic glycosylation has been found to 
affect ligaments, resulting in restricted motion of several joints. 
This was first noted in the hands, but later was also demonstrated 
in the subtalar, ankle, and first metatarsal-phalangeal joint. Birke 
and coworkers found a correlation between first metatarsal- 
phalangeal motion and a history of ulcers of the first metatarsal 
head.” When a person has limited subtalar range of motion along 
with neuropathy, significantly higher plantar pressures are 
found.” 

Surgical correction of the deformity may be indicated. The 
presence of neuropathy obviates symptoms as a indication or con- 
traindication for surgery. 

Strict adherence to the use of proper footwear at all times is 
essential for patients in this category. Often, custom footwear or 
shoe inserts are needed to lower the risk of injury. These patients 
should see a foot specialist every 3 months for nail and callus 
care. This professional must examine the foot for changes in 
shape or mobility, review the patient’s footwear, and emphasize 
the need to report any findings from the patient’s self-foot exami- 
nations, as well as the need to treat any lesion found as soon as 
possible. 
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Category 3 


Neuropathic feet most likely to ulcerate have been ulcerated before 
or have had significant morphologic changes to the foot as the re- 
sult of Charcot’s arthropathy. This places these patients at the high- 
est risk of developing a neuropathic foot wound. Everyone in this 
category must wear prescription footwear to lower weight-bearing 
stress at the previous site of ulcer or Charcot’s deformity. This 
footwear must be wom at all times. The clinician must ensure that 
the patient is aware that barefoot walking, as well as walking in 
stocking feet, slippers, and nonprescribed footwear, poses a threat 
to the foot. Every step must be protected. Even the nightly walks 
for nocturia must be protected by footwear. 

These persons should visit the foot clinic every 2 months, and 
in extreme cases every month. In addition to all of the treatments 
mentioned in the previous categories, their footwear needs to be 
examined at every visit for proper fit and function. 


IMPACT OF AUTONOMIC NEUROPATHY 


Autonomic neuropathy can result in anhidrosis of the pedal skin. In 
the normal foot, the superficial layer of the skin is kept constantly 
hydrated by sweat. In the hydrated condition, the keratin of the skin 
is soft and pliable. If a flake of thickened callus is shaved off a foot 
and moistened, it can be rolled up like a piece of rubber, or it can be 
stretched and will spring back to shape. If the same flake of kera- 
tinized skin is then allowed to dry in the sun, it becomes hard and 
brittle and loses all ability to stretch. The same change occurs in the 
keratin layer in situ on the foot in the absence of sweating. When 
such skin is subject to flexion and extension as occurs at the joint 
creases of the toes and at the curve of the edge of the sole, the ker- 
atin cracks. Early in their development such cracks are limited to 
the stratum corneum layer of the epidermis, but they do allow a su- 
perficial inflammation to develop. This can eventually result in a 
chronic dermatitis in the lower third of the leg (Fig. 51-1). In the 
sole, the cracks become inflamed and stimulate build-up of more 
callus along both margins of the crack. The thickened plates of 
hard callus allow no flexion or stretch, and thus concentrate and lo- 
calize all movement to the keratin-free cracks. This makes the con- 
dition worsen, until deeper layers of the epidermis become in- 
flamed or even torn open where the crack makes them vulnerable. 
The final result is often an open ulcer and deep infection. 

If keratin cracks have already occurred, they are treated by: 
(1) paring down the callused edges of keratin buildup, (2) painting 
the crack with gentian violet to dry the base, and (3) providing 
some measure of splinting to minimize the movement of the ker- 
atin plates. This may be done by splinting an affected toe by mak- 
ing the shoe sole rigid, or by wearing a molded insole that tums up 
around the edge of the sole or heel. It is also helpful to use an insole 
that has been molded to the foot. It should offer support up around 
the edges of the sole and hee! where cracks commonly occur (so 
called “pinch calluses"), These are found wherever the skin is 
pinched in the unsupported angle between the supported sole and 
the side-wall of the shoe. 


CALLUSES 


When subjected to repeated pressure, skin thickens to form callus 
tissue. Callus strengthens the skin’s ability to withstand pressure, 
Callus is protective if it remains a moderate thickness, as on the 


FIGURE 51-1. Dry keratin is not pliable and tends to crack at skin flexion 
sites, The superficial inflammation that follows can lead to chronic dermati- 
tis or to ulceration. 


hands of construction workers. If the callus becomes too thick, it 
can act as a foreign body. At that point, when pressure is again ap- 
plied to the area, the callus can contribute to damage in deeper tis- 
sues. In a sensate individual, this results in pain, and the person al- 
ters their behavior to find ways to relieve the pain, as with the 
woman who searches for adhesive pads to relieve her toe coms 
rather than change to more comfortable footwear. In one study of 
insensate feet on diabetic patients, plantar callus was highly predic- 
tive of eventual foot ulceration.”° These calluses can also add to the 
increase in stress on the foot. The removal of callus tissue has been 
shown to reduce these pressures by 29%.77 


WOUNDS OF THE FOOT 


By the time the clinician first examines an ulcerated foot, the initial 
cause of the problem may be lost from the patient's memory, and it 
may be hard to diagnose from the appearance of the ulcer. Thus all 
ulcers are often lumped together under generic terms such as pres- 
sure ulcer or diabetic ulcer. Prevention and correction of damage to 
the insensitive foot requires that the physician and patient under- 
stand the actual pathology of the early stages of damage to the foot, 
and the actual forces that may cause the damage. The focus should 
be directed toward the external mechanical factors that cause the 
foot to break down. The insensitive diabetic foot is not really very 
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much weaker than a normal foot; it is just less well protected be- 
cause of decreased pain sensation. 

A foot may be damaged by external forces in one or more of 
three ways: (1) An unrelenting, low pressure, as from a tight shoe, 
may cause ischemic necrosis or a pressure sore. Its pathology is 
similar to that of a decubitus ulcer. (2) A much higher pressure may 
cause direct mechanical damage, as when a foot lands heavily on a 
sharp stone, broken glass, or a thumbtack, and the skin is broken or 
penetrated. (3) Constantly repeated moderate pressure with every 
step may result in inflammation at high-pressure points, followed 
by blister or ulcer formation. This is not ischemic necrosis, because 
the blood supply is not continuously blocked, but is more of an in- 
flammatory enzymatic autolysis. We have termed these three path- 
ogenic factors ischemia, mechanical disruption, and inflammatory 
autolysis. 


Ischemic Pressure Ulceration 


Decubitus ulcers develop when a section of otherwise healthy skin is 
subjected to unrelenting pressure. The skin over the sacrum or over 
the backs of the heels is acommon location for this type of wound. A 
neuropathic foot is also vulnerable to this form of injury. Sustained 
external pressure that is greater than capillary or local arteriolar 
blood pressure will occlude these vessels wherever the tissues are 
compressed between the shoe and an underlying bony structure. 

A good deal of experimental work has been done by Brane- 
mark,”* Daly,” and Romanus” to determine exactly how much ex- 
ternal pressure it takes to block the blood flow in peripheral capil- 
laries and produce a state of ischemia. Kosiak and others have 
studied the relationships between the level of external pressure and 
the time it takes to produce necrosis or ulceration.*! Kosiak’s dia- 
gram (Fig. 51-2) shows that at higher pressures gangrene occurs 
sooner than at lower pressures. 

These studies are not discussed in detail because it has proven 
impractical to measure these small pressures on the foot in a clini- 


FIGURE 51-2. Kosiak’s classic experiment showing how there is an inverse 
relationship between the pressure and the time it takes to cause ischemic 
necrosis. Pressure-time relationship noted in 62 separate experiments on 16 
dogs: X, ulceration; *, no ulceration. (Reprinted with permission from 
Kosiak.*') 


PRESSURE APPLIED IN mm Hg 


TIME IN HOURS 
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cal setting. Also, the structure of the sole of the foot offers mechan 
ical protection to its blood vessels that makes it impossible to stan 
dardize thresholds of safety for different parts of the foot. However 
some important generalizations about protecting the foot from thi 
type of damage will be discussed. 

Localized necrosis of the skin of the foot may occur with pres 
sures as low as 1 pound per square inch (psi). Each member of thi 
diabetic clinical team should demonstrate to himself or herself, anı 
to every patient, how little pressure it takes to produce ischemia 
This can be done by pressing a glass slide onto a fingertip or toi 
until the skin is seen to blanch. This is ischemia. It should be obvi 
ous that tight shoes often exceed such a pressure. It is also obviou 
that such ischemia is painless. Only after an hour or more will pail 
force normal people to take off their shoes. A person with diabeti 
neuropathy will keep them on indefinitely. 

At pressures of 1-5 psi, such as might be found in a tight shor 
(non-weight-bearing), it takes many hours to produce actual necro 
sis. Although it is not practical to measure pressures inside ever 
shoe, it is very practical to measure time, and it is not difficult t 
observe the reaction to pressure, such as redness and hyperemia 
after removal of a shoe. A new shoe should be worn for only 2-: 
hours on the first day. When it is removed, the patient should lool 
carefully for an area of redness and feel for a patch of warmth. I 
the skin becomes flushed after only 2 hours, it is good evidence tha 
it might become severely damaged if that shoe were worn for 8-1( 
hours. A leather shoe may be moistened (using a 50% water/50% 
isopropyl alcohol solution) and stretched on a special last, and ma 
then be worn again for short periods until it is broken in. Peoph 
with diabetes should be advised to wear only leather shoes, be 
cause vinyl and other plastic uppers do not adapt to the shape of the 
foot to relieve localized pressure. 

An excellent habit for a diabetic is the 5-hour shoe change 
This involves keeping one pair of shoes at the office or factory. The 
patient wears one pair of shoes to go to work and at work unti 
lunch time. At lunch, the patient changes shoes and leaves his o 
her moming shoes in the locker. The second pair is worn until the 
patient gets home in the evening, when he or she changes int 
house shoes or slippers, which are worn until bedtime. 

Thus each pair of shoes is wom about 5 hours (i.e., 7 AM tc 
noon, noon to 5 PM, and 5 PM to 10 pm). If this habit is developed 
the patient will never be in danger of an ischemic pressure ulcer 
Even if one pair of shoes is tight, it will not cause necrosis in ! 
hours, and the next pair will either not be tight, or may be tight in ¢ 
different place. 

An insensitive foot may develop a pressure ulcer in a previ: 
ously well-fitting shoe because an insole, pad, or dressing has beer 
added inside the shoe (Fig. 51-3). Bulky dressings of any sor 
should not be applied to an insensate foot if that person is going t 
walk. If a foot needs dressing, the patient should probably be in bec 
or in a cast. If a foot must be in a shoe, it should be a special pro 
tective shoe. If a foot needs more than a 1/8 -inch-thick additiona 
insole, an extra-depth shoe should be used (Fig. 51-4). 

It is very uncommon for ischemia to cause problems on thi 
sole of the foot. This is because a person with diabetes is gener 
ally active; thus pressures from weight bearing are intermittent 
The only constant pressure on the foot of an active person is duc 
to circumferential tension from a shoe, strap, or bandage; thus thi 
primary force is tension. Pressure occurs at right angles to the ten 
sion (an open shoe may be loose, but when the laces are pulle 
tight, the foot feels pressure). The simple mechanical rule tha 
links pressure and tension states that tension results in pressuri 
only when the line of tension passes around a curve. The pressur 
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FIGURE 51-3. If a bulky dressing or a thick insole is added and the foot 
forced back into a previously well-fitting shoe. the increased pressure may 
result in local gangrene. 


that results from tension is inversely proportional to the radius of 
the curve: 


Tension 


Pressure Radius 

In the diagram of the transverse section of a forefoot in a shoe 
(Fig. 51-5), three curves are drawn: (1) the curve of the dorsum of 
the foot is part of a large circle with a large radius; (2) the curve 
around the first metatarsal head has a small radius; and (3) the 
curve of the lateral border of the foot is the smallest and has the 
smallest radius. 

Since the tension in a tight shoe is equal all around the foot, 
the pressure due to the tension will be least on the dorsum, high on 
the medial border, and highest on the lateral border (Fig. 51-6). The 
sole is more or less straight and therefore suffers negligible pres- 
sure from tension. The medial border may be curved in two planes 


FIGURE 51-4. An extra-deep shoe provides more vertical space for the 
toes and metutarsal head area. Such shoes are required when insoles exceed 
1/8 inch in thickness, 


if there is a bunion or hallux valgus, and may thus have a higher 
pressure than the lateral border. If a patient has a bunion, it is an 
extra hazard, and surgical correction should be considered if only 
to prevent future ischemic ulceration. 

Although it may seem logical to encourage persons with dia- 
betes to purchase loose shoes. this should be avoided. The danger 
from friction is as great or greater than that from ischemia. Friction 
blisters or ulcers may occur behind the heel or around the rim of 
the shoe because the foot moves up and down due to the loose fit. 
These blisters and ulcers are prevented by ensuring that the heel is 
snug and well shaped, and that the lacing or strap over the dorsum 
reaches far enough up and back over the instep to hold the shoe 
firmly on the foot. 

In summary. to prevent ischemic ulcers, shoes should have 
leather uppers and be carefully fitted. Feel the medial and lateral 
borders of the forefoot. New shoes should be worn only 2 hours on 
the first day. and then the foot should be carefully inspected for 
areas of redness or heat. Time is an essential element with this form 
of damage. It takes a long time for low pressure to result in 


FIGURE 51-5. Cross section of a forefoot showing that the dorsum is part 
of a large curve radius (R,). the medial border is part of a smaller curve ra- 
dius (R); and the lateral border has the smallest curve radius (R,), The 
pressures [rom a single circumferential band of equal tension all uround 
will be slight on the dorsum (P,). greater on the medial side (P+). and great- 
est on the lateral border (P,). When the tension is equal, RiP; = R,P, = 
RPh. 
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FIGURE 51-6. Pressure necrosis at the lateral border of an insensitive foot 
due to the wearing of a tight shoe all day. 


ischemic damage. Periodic removal of shoes during the day elimi- 
nates this risk. The patient should be advised to change shoes every 
5 hours. Routine changing of shoes at noon and 5 pM or other regu- 
lar intervals can aid the patient to develop an easily remembered 
routine. 


Direct Mechanical Damage 


Yamada,” in his book on strength of biological materials, quotes 
Yamaguchi" as saying that the skin of the human foot has a ten- 
sile breaking load of 2.5 kg/mm and an ultimate tensile strength 
of 0.95 kg/mm’. This means that sole skin may be torn by about 
100 kg/cm” or 1300 psi. Thus it takes about 1000 times more 
force per unit area to damage skin directly than it does to damage 
it by ischemia (Fig. 51-7). Direct damage to the sole of the foot 
might occur if the whole weight of a 144-Ilb person were to rest 
on an area of % of a square inch (Fig. 51-8). A woman weanng 
stiletto heels could penetrate the skin of a companion’s bare foot 
if she stood on it with just one heel. Actual damage occurs at 
lower levels of pressure or tension if an element of shear stress is 
present. 


FIGURE 51-7. His weight remains the same, but the area of the stump on 
which he stands is smaller. Under the foot. damage is caused more readily 
by narrowing the area of support than by increasing force. 
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144 x 9= 
1300 Ib/in? 
BROKEN SKIN 


FIGURE 51-8. Barefoot walking is good for the feet, but only if they are 
sensitive enough to respond to pressure. 


In short, it is unlikely that a person wearing shoes could ever 
suffer direct damage from any external force unless a small, sharp 
object were under the foot inside the shoe. However, persons 
should be extra vigilant when walking around a construction site or 
a recently roofed building. The risk of stepping on a nail or screw 
capable of penetrating the shoe sole is much greater in these loca- 
tions. Insensitive feet are sometimes damaged by walking in stock- 
ing feet or barefoot on broken glass, thumbtacks, or sharp stones. 
Such damage may be avoided completely by a simple rule that all 
diabetics should follow: “Never walk barefoot, always wear shoes 
with soles thick enough to prevent a thumbtack from penetrating to 
the foot. and always shake out your shoes before you put them on.” 
Barefoot walking is very beneficial at all ages, but only when the 
feet are sensitive to pain. 

Along with direct damage from very high forces, direct dam- 
age from heat, cold. or corrosive chemicals should be mentioned. 
All persons with insensitivity need to be alert to such danger and to 
maintain a margin of safety. They need extra socks when skiing, 
protective footwear in chemical plants. and special awareness of 
hot floors in automobiles and trucks. They should be wary of fires 
or car heaters, and they must never use steam pipes or electric 
heaters to warm their feet on a cold day. 


Moderate Repetitive Stress 


Inflammatory autolysis is by far the most common cause of ulcera- 
tion in the diabetic foot. The pressures that cause it range from 20— 
70 psi, and are quite similar to the pressures that are ordinarily ac- 
cepted by normal people who go jogging or walking briskly in 
firm-soled shoes. Such pressures do not do any harm to normal or 
diabetic feet unless: 


1. They are repeated many thousands of times, day after day, on 
the same areas of the foot. 

2. The tissues are already inflamed as a result of excessive me- 
chanical stress. 

3. The tissues are structurally abnormal as a result of previous ul- 
ceration and scarring. 


The typical diabetic foot ulceration is postulated to begin as a 
callus on the surface of the skin. Due to repeated impacts to this 
callus as a result of walking, breakdown occurs between the callus 
and the deeper tissue.™ This breakdown comes as the result of the 
accumulation of inflammatory cells.** These cells release lytic en- 
zymes into the tissues. These enzymes lyse the tissues, resulting in 
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a pocket of accumulated fluid. Because the person is insensate, he 
or she continues to walk on the foot. The inflammation and associ- 
ated dissolution of tissue becomes exacerbated by hydraulic fluid 
pressure as the result of stresses on the pocket. This eventually re- 
sults in the formation of a blister adjacent to the callus or a break in 
the skin. The hole in the skin will be smaller than the deeper 
pocket. For the inexperienced clinician, this could result in an un- 
derestimation of the extent of damage. When a blister rather than 
an open wound is found, and the foot is neuropathic, the clinician 
should appreciate that the rea] damage is deep to the callus rather 
than under the blister. 

Figure 51-9 shows the histology of rat footpads that were sub- 
jected to 10,000 repetitions per day of 20 psi for several days. The 
rats were lightly anesthetized and had one foot placed in a ma- 
chine. A piston applied repeated intermittent stress to the footpad 
to simulate walking or running. The pressure and the number of 
repetitions per day could be varied. In this experiment the footpads 
looked normal, though a little swollen, for the first 3 days. They fi- 
nally broke down and ulcerated about the seventh or eighth day. 
However, as early as the second or third day, the histology showed 
invasion of the area by many inflammatory cells. Small foci of 
necrosis developed in the areas that were crowded with inflamma- 
tory cells. 

In the inflamed condition, the footpads were swollen and hot, 
and they had a changed elasticity and viscosity. Thus the same 


FIGURE 51-9. A. Full thickness of footpad of rat, on second day of pro- 
gram in which 20 psi of pressure was applied 10,000 times per day to the 
foot of the anesthetized rat. This program simulated the repetitive stress on 
a human foot jogging 7 miles per day. B. Same experiment—third day. 
Note increased thickness (edema), thickened epithelium, and some inflam- 
mation. C. Eighth day. Specimen too swollen to fit on slide. Enormous hy- 
perplasia of epithelium. Skin has broken down and ulcerated. This program 
resulted in ulceration in all of the feet that were involved. D. Similar foot- 
pad from rat after 6 weeks of a program in which the same pressures were 
applied, but only 8000 times per day (similar to 5 miles of jogging) and 
only 5 days per week. Note hyperplasia of epithelium, but footpad is not 
grossly thickened or inflamed. This program resulted in strong, well- 
conditioned feet. 


external forces were now more damaging because they were less 
well absorbed and dissipated by the tissues. Also, the invading in- 
flammatory cells are known to contain lysosomal enzymes. On fur- 
ther mechanical insult, these could have been spilled into the tis- 
sues to cause local foci of necrosis. The following conclusions can 
be derived from these studies: 


1. The breakdown of the tissues was the end point of a long 
process of repeated moderate stress that seemed quite harmless 
in its early stages, 

2. The final breakdown and ulceration could be predicted by the 
physical signs of local swelling and heat. 

3. The breakdown and ulceration could be prevented by discon- 
tinuing the repeated stress as soon as the swelling and heat 
began to persist from one day to the next. 

4. The breakdown could be prevented either by decreasing the 
amount of pressure per repetition (i.e., per step), or by keeping 
the pressure the same and reducing the number of repetitions. 


The early stages of these experiments have been repeated using 
human fingertips without anesthesia. Repeated pressures of 20 psi 
were comfortable for several hundred cycles, but then the fingertips 
gradually became more and more painful until withdrawal became 
essential. At that stage the fingertip was red, somewhat swollen, 
and warmer. Within a few minutes it developed a temperature of 
4°C higher than the other fingers, The discomfort passed within an 
hour or so. Upon returning the next day to repeat the experiment on 
a different finger, the subject could tolerate about the same number 
of repetitions. However, repeating the stress on the finger that had 
been exposed the previous day resulted in much more rapid onset 
of pain. The hyperemia and heat also developed sooner and lasted 
longer. 

By studying the thermographic patterns of the sole of the foot 
of normal runners (Fig. 51-10), each individual can develop his or 
her own pattern of “hot spots” that appear on the sole after running 
a couple of miles. However, after further periods of running, the 
subject alters his or her gait just enough to spare the now-tender 
areas of the foot and put more stress on less involved parts of the 
foot. This constant change of stress patterns on the foot in response 
to the perception of tenderness and changing thresholds of pain is 
probably the most important factor that prevents breakdown and ul- 
ceration in normal individuals. The fact that persons with diabetes 
do not appear to limp or change their gait in the early stages of 
traumatic inflammation may allow them to continue until they de- 
velop necrosis, a blister, or ulceration. 

Stokes and associates were the first to quantify the correlation 
between high-pressure points under the insensate foot and ulcer 
sites. Boulton and coworkers discovered that pressures under in- 
sensate feet are usually higher than pressures under normally- 
sensate feet.*” It was later found that persons who have limited mo- 
bility in major joints of the foot generate the highest pressures and 
should be considered to be at high risk of ulceration.” 


WALKING MANAGEMENT 


Every person who has insensitive feet needs to be educated about 
the dangers of repetitive, moderate stress to the feet and the need 
for extra foot protection to compensate for the reduction in sensa- 
tion. Preulcerative changes (i.e., blisters, petechiae, erythema, and 
increased skin temperature) can alert patients and clinicians at a 
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FIGURE 51-10. Thermograph of a normal pair of feet (A) immediately after running and (B) after a rest. The sub- 
ject had a button taped to the underside of his foot under the filth metatarsal head. Note that the area that was over 
the button remains hot while the rest of the foot couls down. 


stage when the foot can be better protected to prevent further dam- 
age. Patients need to know that they will be able to walk further if 
they reduce localized high-pressure areas on the sole. A study by 
Edmonds and colleagues demonstrated the value of proper 
footwear in the prevention of recurrent ulceration in a population 
of diabetics.” They found an 83% recurrence of ulceration in pa- 
tients who reverted to wearing their regular shoes. while only 26% 
who wore only their prescribed footwear had recurrence. In a con- 
troversial study in Italy, Uccioli and associates selected a group of 
diabetic neuropathic patients und randomly assigned them to either 
wear their own footwear or footwear with custom-molded inserts 
in extra-depth shoes for a year.™ Of those who wore nonprescrip- 
tion footwear, 58.3% developed foot ulcers within a year. Of those 
who were wearing the custom-molded inserts in extra-depth shoes, 
27.7% experienced foot ulcers within the year. 

The best way to reduce pressure is to spread the stress over the 
entire surface of the sole. This may be accomplished in one of three 
ways: by using a soft sole or insole, a molded insole, and/or a rigid- 
soled rocker shoe. 


Force 
Pressure = ~—— 
Area 


In a foot, the force is the weight of the body that is transmitted 
through the foot to the ground. This force may vary a little in run- 
ning and jumping, but usually approximates body weight. When a 
patient is standing still, both feet share the load so that the area 
under pressure is large. and the pressure itself is thus usually under 


20 psi and is harmless. When one foot is off the ground, in th 
swing phase of the gait, the other [oot takes all the force. The pre: 
sure is therefore equal to the body weight divided by the total are 
of foot in contact with the ground (or shoe). This ranges from 10 
25 psi. and is usually harmless. even after many repetitions. 

While the “swing” foot is moving forward in preparation {¢ 
the next step. the weight of the body is moving forward over th 
weight-bearing foot, that now enters the propulsive phase. In th 
phase. the heel leaves the ground and the entire body weight res! 
on the forefoot and toes. At this point the pressure is at the peak e> 
perienced during the walking cycle. The heel and midfoot bear n 
weight, and there may be only a few square inches to carry th 
body weight. This is when pressures under the metatarsal heads ¢ 
toes may rise to 40. 50. or 60 psi. It is these levels of pressure thi 
will result in inflammation and ulceration if they are repeated to 
frequently. 


SHOE INSERTS 


Ifa soft material is placed under the foot, this results in an increase 
area of contact over which the force of weight bearing is disperset 
Figure 51-11 shows a tracing taken from five pressure-sensing de 
Vices on the sole of a normal foot while the subject was walkin 
freely for four paces. The devices were taped on the great toe. th 
first, third. and fifth metatarsal heads, and the center of the heel. Th 
pressure from each device was recorded in kg/cm” (1 kg/cem* 
14.2 psi). The third tracing (from the top in Fig. 51-11) showed th 
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FIGURE 51-11. Pressure tracings of a normal foot on three different surfaces. Note how the use of resilient, com- 


pliant materials results in equalization of pressures. 


highest pressures. This was derived from the third metatarsal head 
(i.e., the center of the ball of the foot). At each step, the pressure 
rises moderately when the foot comes down flat and then rises to a 
peak when the heel is lifted, prior to the final thrust at toe-off. This 
subject walked four steps barefoot. His foot came down on a pol- 
ished concrete floor for the first step, then on a sheet of regular 
cowhide shoe leather, then on a sheet of '2-inch-thick microcellu- 
lar rubber, and finally on the concrete floor again. Notice that the 
peak pressure on concrete was 5 kg/cm’, on leather was about 
3 kg/cm”, and on microcellular rubber was only about 1.5 kg/cm’. 

In diabetics, a soft insole might offer greater safety than a hard 
insole because peak pressures would be lower. However, there are 
limitations to the use of soft insoles in regular shoes. No soft insole 
can have a great effect on pressure unless it is thick enough for the 
foot to sink into, so that pressure can spread over a wider area. 
Regular shoes do not have sufficient room for thick insoles. Also, 
even if a shoe were deep enough for a '2-inch-thick insole, the foot 
would move up and down in the shoe as the insole was compressed 
and decompressed, leading to friction blisters where the foot rubs 
on the shoe. For this reason, we prescribe thick, soft insoles only 
for open sandals. Inside a regular shoe, thin, soft insoles may be 
used, such as a “s-inch-thick Spenco insole, which is made of mi- 
crocellular rubber covered with stretch nylon. This does reduce 
local pressure and shear stress, but only to a limited extent. Instead, 
we usually use a molded insole, so that even when the foot has 
prominent bones or hollows, the pressure can be spread out. 

Thicker soft materials are effective when they are part of the 
outer shoe sole. Soft-soled athletic footwear has been shown to sig- 
nificantly reduce pressures under the feet 25-30% as compared to 
leather-soled footwear.” The benefit is greatest when the individ- 
ual has higher-than-normal pressures under the feet when 
walking.” 


Molded Insoles 


The advantage of molded soles is that the foot does not have to sink 
down into the material in order to spread the stress. A properly 
molded sole will meet the foot at every point at which it bears 
weight. In the past, the danger of using a molded shoe for an insensi- 
tive foot was that the shape of the insole might not fit the shape of the 
sole, and the patient would not know that it was improperly fitted. 
This was a common cause of secondary problems. For example, an 
arch support might be too high, or a metatarsal bar might be too far 
forward, thus increasing the pressure it was intended to relieve. 


In the last 30 years there has been a revolution in moldable in- 
sole materials. Since the introduction of Plastazote in the 1960s, a 
whole series of closed-cell polyethylene foams have become avail- 
able. Many of these materials are heat molded at about 140°C and 
are poor conductors of heat, so it is possible to mold them directly 
on the foot without causing burns. This ensures that every insole is 
a perfect fit, whether made on the foot, or even better, on a plaster 
model of the foot. The original Plastazote insoles were good, but 
they were subject to rapid wear and would “bottom out" after a few 
months. Firmer grades of Plastazote and other materials, such as 
Aliplast, XPE, and Pelite, now allow a wide choice of texture and 
lasting quality, It is also possible to make composite insoles with 
layers of microcellular rubber or polyurethane to support the poly- 
ethylene foam and improve durability. In some cases, the inner- 
most layer of the sole may be of leather, wet-molded on a plaster 
mode] and backed by cork and latex. 

Whatever materials are used, molded insoles should be custom- 
molded for each individual foot. Prefabricated arch supports or other 
modular inserts should no longer be prescribed for insensitive feet. 
Fully-molded insoles take up room in a shoe, and in many cases 
extra-depth shoes, with an additional /—¥Ys inch of vertical room, 
must be used to accommodate them. These are now available from 
P.W. Minor, Miller Shoes, Alden Shoe Company, and most recently 
from SAS (San Antonio Shoes). These shoes Jook like regular ox- 
ford shoes, so patients do not look as though they are wearing ortho- 
pedic footwear. 


ROCKER-SOLED SHOES 


The forefoot suffers maximum vulnerability when (1) the other 
foot is off the ground, (2) the heel is off the ground, or (3) the 
weight-bearing part of the foot is bending (causing shear stress), 
Maximum relief of local pressure and shear stress is obtained by 
(1) prevention of bending of the foot by making the sole of the shoe 
rigid, and (2) prevention of localized pressure on the forefoot by 
keeping ground contact further back, near the center of the shoe. 
These criteria are fulfilled by the rocker shoe (Fig. 51-12), 
Studies by Pollard and associates have shown that a significant re- 
duction of shear stress can be accomplished with a properly con- 
structed rocker-soled shoe." If this shoe is to be custom-made, a 
plaster model of the foot should be taken with the toes somewhat 
dorsiflexed, so that the toe of the shoe is tumed upward a little. This 
allows the heel to lift without the toe taking weight while walking. 
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FIGURE 51-12. Construction detail of a custom-made rigid-sole rocker 
shoe that minimizes pressures in the vulnerable forefoot area. 


A regular extra-depth shoe may be made into a rocker by: (1) tilting 
the toe up a little, (2) adding a steel shank (Fig. 51-13) along the 
sole to make it more rigid, (3) adding an undersole which is thick- 
ened into a rocker behind the metatarsal heads, and (4) adding a 
molded insole. 


PRESSURE FOOTPRINTS 


In spite of the great care used in fitting shoes, there will be some 
patients whose stress is still not relieved, and it may even be wors- 
ened by the shoe prescribed. Since the patient cannot feel what is 
wrong, an objective way to detect pressure problems before the pa- 
tient leaves the clinic is needed. During the past decade, electronic 
pressure-sensing tools have become increasingly sophisticated, but 
their expense and the time needed to conduct these tests still pre- 
cludes their use as a daily clinical tool. On the other hand, the Har- 
ris footprint mat is inexpensive, takes little time to use, and has 
served well in this regard. It is an inexpensive, practical method 
that gives a result that the patient and all members of the team can 
easily understand. 

The mat is made of vulcanized rubber and consists of small 
ridges of three different heights (Fig. 51-14). It is inked with a 
roller using washable printer’s ink and covered with unglazed 
paper. When a patient stands on il, the part of the sole of the foot 
that bears the most pressure will flatten the high ridges and will 
print from the high, medium, and low ridges. Those parts that take 
less pressure will print only the high and medium ridges, while the 


FIGURE 51-13. A regular extra-depth shoe can become a rocker shoe. The 
sole must be made rigid by adding a steel shank. 
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Magnified View... 


HARRIS 
FOOTPRINT 
MAT 


FIGURE 51-14. The multilevel, cross-hatched design of the Harris footprint 
mat provides differential printing of pressures on the feet. 


lowest-pressure points print only from the high ridges. Thus there 
is an instant record of the pressure pattern that is permanent and 
can be kept for comparison to subsequent prints (Fig. 51-15). The 
mat can be used in three ways: the hard footprint, the soft footprint, 
and the in-the-shoe footprint. All are dynamic and must be taken 
while the person is walking at a normal pace. An area of floor is set 
aside for footprints. It may be narrow, but should be long enough 
for four or five steps. 

A line is marked for the start of the walk. The technician 
demonstrates the technique. The patient takes a practice walk, 
barefoot or in thin socks. The technician notes exactly where the 
foot comes down on the second step. He places an inked mat cov- 
ered with paper on that spot (Fig. 51-16). The patient repeats the 
walk, lands on the mat, and walks on for two more steps. The 
footprint is of no value if the patient stops as soon as the footprint 
is taken. The highest pressure is usually in the propulsive phase of 
gait, and this is lost if the patient slackens off once the foot is 
down. 

A soft footprint is taken in exactly the same way, except that a 
sheet of soft insole material, such as Spenco, is placed under the 
mat, The soft footprint shows just how much pressure reduction in 


FIGURE 51-15. The footprint from the Harris mat shows high-pressure 
areas. The footprint is a valuable patient record. 
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FOOTPRINT TEST... 


FIGURE 51-16. Premarked footprints may be used to help the patient place 
feet on the pressure mat. The cushion shown under the Harris mat is used in 
the soft-footprint test. 


high-pressure areas can be expected from a soft insole, as shown in 
Fig. 51-17. 

A number of precut insoles of the thinnest variety of Harris 
mat can be used to localize pressure points within the patient's 
shoe. Two or three different sizes can be cut from a single mat. 
They are kept and used over and over again indefinitely. An ap- 
propriately sized Harris mat insole is inked and covered with 
paper, which is held in position with small adhesive strips (Figs. 
51-18, 51-19, and 51-20). It may be placed in the shoe or on the 
foot with the sock put on over it. In either case, the shoe is opened 
widely to allow the foot to step in without smudging the print. 
The shoes are laced and the patient told to walk briskly and nor- 
mally for three or four steps. The shoe is opened carefully and the 
print removed. 

This in-the-shoe print is usually creased and smudged; never- 
theless, it is extremely valuable. It identifies the real continuing 
pressures that the patient will experience in the days ahead. Some- 
times it is the only device that will convince the patient that their 


FIGURE 51-17. Comparison of results of hard und soft footprints will 
demonstrate pressure relief from insole material. 


inked 


Harris mat. 


FIGURE 51-18, The thinnest variety of Harris mat is cut into insole-shaped 
pieces and used to test shoes, 


favorite high-heeled shoe is really dangerous. It may also demon- 
strate that a simple inexpensive shoe with an insole is really quite 
appropriate, and expensive special shoes are not needed. 

By provision of special shoes, or by minor modification of reg- 
ular shoes, the patient may spread the pressures of walking as 
widely as possible (Fig. 51-21). The amount of daily walking must 
also be limited so that damage can be avoided. 


FIGURE 51-19. An example of an unacceptable in-the-shoe footprint when 
a simple insole was used. 
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FIGURE 51-20. A second footprint in the same shoe after a molded insole 
and rocker bar were used. 


THE DAILY FOOT EXAMINATION 


The person with diabetes is advised to check his or her feet every 
night before bed. Localized redness, localized heat, and localized 
callus formation are all good indications of stress. If any of them is 
progressive, it means that the patient is walking too much or wear- 


FIGURE 51-21. Special shoes or modifications to regular shoes can change 
high-pressure areas (right) into a more acceptable pattern of normal pres- 
sure distribution (left). 


Normal 
Footprint 
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ing the wrong kind of shoe. Small areas of increased surface tem 
perature that are still present the next morning represent inflamma 
tion. Persons with insensate feet should remove their feet fron 
under the covers 20 minutes before ansing for the day. After thi 
time has passed, the temperature of the pedal skin should be evalu 
ated. Localized, elevated skin temperatures greater than 3-4°F cai 
be detected with a little practice. These elevated temperatures oj 
the foot in the morning, before the first steps are taken, are signifi 
cant. Any finding of significantly increased surface skin tempera 
ture should be evaluated by a foot specialist. 


The Open Ulcer 


If the person with diabetes finds a wound during the daily inspec 
tion, he or she must communicate its presence to the foot care tear 
as soon as possible. In addition to the three previously reviewec 
ways in which the skin may be broken by mechanical force, it maj 
also be damaged by burns, frostbite, ingrown toenails, or during at: 
tempts at self-care, such as the cutting of coms. The result of any 
one of these is an open wound that may lead to infection. At this 
point, in most cases the condition is correctable. After a few days 
of rest with pressure eliminated at the site of injury, normal healing 
will occur. However, in the absence of normal pain thresholds. 
many people continue to walk on a wounded foot. Infected tissue 
fluids are squeezed into deeper areas until bones, joints, and tendon 
sheaths are involved. Now, with spreading cellulitis and deep ab- 
scesses, the person seeks medical attention. Unfortunately, serious 
problems associated with the diabetic foot occur after the skin is 
broken and a wound or ulcer forms. 

In a survey of causal factors that resulted in lower extremity 
amputation in diabetic patients, Reiber and associates showed that 
84% had foot ulceration as the initial pathology.** It is important to 
prevent the wound or ulcer, but it is absolutely essential to concen- 
trate on the care and healing of the foot after it is wounded. Much 
of the reputation for nonhealing wounds on the feet of persons with 
diabetes has emerged because such wounds have gone undetected 
or are allowed to progress with each step for months or even years. 


ACUTE CARE 


Persons with normal sensation automatically do the nght thing 
whenever they have a wound on the foot. Their intact pain sensa- 
tion regulates their activity every second the injury is present. 
These persons will not only avoid stepping on the injured extrem- 
ity, but they will not move the injured part. The absence of direct 
pressure and movement allows uninterrupted healing, even though 
the patient remains otherwise active. 

In the absence of pain sensation, it is almost impossible for an 
active person to avoid at least occasional moments of pressure on, 
or movement of, the wounded part. One unguarded step may undo 
the immune system's localization of infection that it has taken 
hours or days to develop. Successful treatment of a wounded insen- 
sitive foot depends on the patient’s and physician's ability to pro- 
vide an environment that protects the foot as well as pain sensation 
does in 4 normal foot. The wound must not be subjected to weight 
bearing, and the joints. tendons, and soft tissues should be immobi- 
lized to restrict the extent of inflammation and infection. 

The physician must feel the skin around the ulcer. If it is hot 
and red, the prognosis for healing is good. If it is cool, bluish, or 
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dusky, the timb needs careful evaluation for vascular competence, 
and it may be a candidate for revascularization, angioplasty, or pos- 
sible amputation. All necrotic tissue and callus should be debrided 
from the wound site. 

All foot wounds should be probed with a sterile instrument 
such as a nasal sinus probe to reveal any sinus tracts. The pres- 
ence of a tract is often masked by granulation or necrotic tissue. 
Gentle insertion of the sinus probe in several parts of the wound 
from various angles will reveal the presence of the tract. 
Grayson and colleagues found in a study of 75 patients that 
probing for osteomyelitis had a specificity of 85% and a sensi- 
tivity of 66%.” The predictive value of probing for osteomyelitis 
was 89% when bone was felt. However, if bone is not felt, os- 
teomyelitis cannot be ruled out. Probing compares very favor- 
ably in sensitivity and specificity to radiographic and radionu- 
clide studies. Grayson and coworkers defined bone contact as a 
gentle probing resulting in the palpation, as felt through the 
probe, of a solid, often gritty, structure without intervening soft 
tissue.” Early detection of the bone can prevent further destruc- 
tion by the organism and can often reduce the length of antibi- 
otic therapy. The presence of osteomyelitis requires prolonged 
antibiotic courses. Probing should not be used as a diagnostic 
tool when the bone was exposed as the result of surgical de- 
bridement. If the opening of the wound on the foot is narrow in 
Proportion to its depth, it should be opened. Dead material may 
be removed and the wound lightly packed. 

A new ulcer or infection may need immediate bed rest and an- 
tibiotics. Many publications in the past have contended that all per- 
sons with foot infections and diabetes must be hospitalized. How- 
ever, a prospective study by Lipsky and colleagues has found that 
diabetic patients with non-limb-threatening infections can be suc- 
cessfully managed on an outpatient basis.” If outpatient manage- 
ment is selected, the principles of controlling pressure and motion 
must be addressed. Patients with foot infections or severe periph- 
eral vascular disease can be managed with posterior splints or other 
special protective devices such as have been described in detail by 
Hampton and Birke.” 

When the acute phase has subsided (with alleviation of fever 
and swelling), the ulcer may be classified as chronic, and the foot 
may be treated by providing a plaster cast for ambulation. No topi- 
cal medication presently available is so beneficial that it obviates 
the use of devices such as casts to apply it. In the case of insensitive 
feet, there is an additional reason for treatment in a plaster cast, 
namely that patients on bed rest will rarely rest their feet com- 
pletely. In the absence of pain, even in a hospital setting, patients 
will get out of bed and go to the bathroom and walk on the infected 
foot. Hospital personnel are often unaware of the risks of allowing 
a neuropathic patient with a foot wound to ambulate to the bath- 
room. In a plaster cast, the foot is protected and patients are free to 
walk a little and be independent. 


The Total Contact Cast 


The results of several clinical studies of the effectiveness of total 
contact casting have been published within the past 15 years. It re- 
mains the most reliable method for the treatment of these wounds. 
Several studies now relate that ulcers that have been present for 
months to years can predictably be healed within 8 weeks with 
weight-bearing relief provided by these specialized casts.** Longer 
healing times have been attributed to severe compromise to the vas- 
culature or poor patient compliance.” 


Sinacore and associates were able to heal 82% of plantar foot 
ulcers in an average of 44 days, and found the technique to be far 
more reliable than conventional wound management. ? With cast- 
ing, Helm and colleagues healed 73% of patients in an average of 
38 days.” Walker and coworkers healed 80% of patients in 44 
days.°° Most recently, Meyerson and associates were able to heal 
90% of patients in an average of 39 days.°' Location and size of the 
ulcer correlated with the time it took to close these wounds. Larger 
ulcers took longer to heal. Forefoot ulcers healed in 30 days, and 
more posterior plantar ulcers took an average of 63 days to close. 

The safe criteria for treatment in a plaster cast are: (1) only feet 
with adequate blood supply (warm around the wound) should be 
casted; (2) wait until the infection is localized and systemic symp- 
toms have subsided (e.g., fever, tender glands in the groin); (3) 
make sure the wound is wide open so there is no danger of skin 
closing over and leaving a deep pocket of infection; and (4) keep in 
touch with the patient and remove the cast if any new or recurrent 
symptoms are noted.” 

The first cast is usually removed and casting reapplied after 7 
days because the limb always shrinks from loss of edema as soon 
as it is immobilized. If there is obvious swelling at the time the cast 
was first applied, it should be changed even earlier, because a loose 
cast is liable to move around and produce friction blisters. The sec- 
ond cast may often be left on for 2 weeks without significant loos- 
ening. Never leave a window in a cast. The edges of the window 
cause shear stress on the tissues that bulge through the window. 

The technique for casting does require some practice to lower 
the risk of secondary complications. The technique is as follows: 


1. The patient lies face down with the knee flexed at a right angle 
and the foot horizontal. 

2. The ulcer is covered with a gauze dressing of approximately 
Yie-inch thickness held by paper surgical tape (Fig. 51-22). 

3. A tube of stockinette covers the foot and leg. If creases form at 
the bend in front of the ankle, they are slit and allowed to over- 
lap, and taped to avoid any ridges. 

4. Orthopedic felt (4 inch thick) is used to cover both malleoli 
and the navicular tuberosity, and a strip of felt is applied ante- 
riorly from top to bottom to facilitate removal of the cast. All 
felt is beveled at the edges and held with adhesive tape (Fig. 
51-23). A layer of foam rubber encloses the toes and metatarsal 
heads (Fig. 51-24). Thin layers of cast padding are applied 
under the top edge of the cast and around the heel. 

5. A single roll of Gypsona or other very fine plaster bandage is 
very loosely applied around the foot and leg (Fig. 51-25). It is 
then rubbed continuously and vigorously into every hollow 
and around every prominence of the limb until the plaster has 
set. This inner layer of plaster bandage will be eggshell-thin 
(consisting of only two or three layers of plaster fabric). The 
hands of the practitioner who applies it must keep moving con- 
stantly. In particular, the plaster on the sole of the foot must be 
in close contact with every contour of the sole with no padding 
in between. Padding between the sole of the foot and the sole 
of the plaster allows movement of the leg in the cast when 
weight bearing. 

6. Once the inner layer of plaster has set, slabs of plaster splint 
may be applied over it, up and down the posterior calf and sole, 
and from side to side of the calf under the heel (Fig. 51-26). 
These may be applied fast and held by encircling plaster or 
fiberglass bandages; the critical inner layer is already formed. 
By keeping the leg vertical with the knee flexed, it is easy to 
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FIGURE 51-22. Gauze dressing over ulcer is secured by paper surgical FIGURE 51-24. Malleolar pads can be scen through the stockinette. A 
tape. l-1/2-inch-wide strip of 1/4-inch felt protects the crest of the tibia and fa- 
cilitates cast removal. 


FIGURE 51-23. Edges of felt pads over malleoli are beveled. Pads are held 


+ FIGURE 51-25. After the eggshell-thin, intimate first layer has set, slabs 
by paper surgical tape. 


(five layers of plaster splint) are applied as described in the text to provide 
support to the cast. but prevent excessive anterior build-up of plaster, thus 
easing removal. 
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FIGURE 51-26. Assistance is required to maintain ankle at 90 degrees dur- 
ing cast application. Toes are held in extension to prevent toe—ground con- 
tact later during walking. 


keep the ankle at right angles and air is free to circulate around 
the cast. 

7. A thin Ys-inch plywood sole plate can be laid on the plaster 

sole, and bunched plaster tucked into the hollows between 

plaster and wood (Fig. 51-27). Finally, a rocker is applied just 

behind the center of the sole over the plywood (Fig. 51-28). A 

rubber heel on a 14-inch plywood sole plate is satisfactory 

(Fig. 51-29). 

No weight bearing is allowed for 24 hours (Fig. 51-29), 

9. The patient is told to report back if the cast begins to feel loose 
or if pain or fever develops. The cast should then be removed 
and a new one applied if the only problem is loosening of the 
original cast. Such an event usually just serves to reassure pa- 
tient and physician that all is going well. 
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THE NEWLY HEALED FOOT 


When an ulcer has finally epithelialized, the problem is no longer 
one of infection; it is not necessary to keep the patient in bed or in 
a cast. However, the foot is not yet completely healed, and walking 
has to be carefully graded because the scar has not consolidated 
and the tissues are still friable. When a healed ulcer breaks down 


FIGURE 51-27. A 1/4-inch plywood sole plate is placed from the heel to 
the metatarsal heads to prevent localized pressure under the walking heel. 
Gaps between plywood and cast should be filled with plaster. 


again, it usually occurs in the first month after healing. This has 
often been attributed to a recurrence of infection, but the real rea- 
son is commonly shear stress. 


Shear Stress 


In mechanical terms, normal stress refers to forces that are at right 
angles to a surface. Shear stresses are parallel or oblique to the sur- 
face. In the sole of the foot, normal stresses tend to compress the 
tissues between the skin and bone. Deposits of fat are flattened, and 
forces are redistributed and dispersed to prevent localized high 
pressure. This process is less efficient when normal tissues are de- 
stroyed by ulceration and are replaced by scar tissue. However, the 
difference is not of great consequence. 

Shear stress is a different story. The skin of the sole is at- 
tached to the bones of the foot by a complex web of fibrous and 
elastic bands that allow differential movement of the skin over the 
bone in a well-defined manner. At rest or under compression, the 


FIGURE 51-28. The rubber heel is placed behind the center of the plywood 
sole plate. 
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FIGURE 51-29. No weight bearing should be permitted for 24 hours after 
casting. 


vertical fibers of the sole are slack and loose. When a horizontal 
thrust is applied to the foot, as when one begins to run or stop 
suddenly, or when resisting in a tug-of-war (Fig. 51-30), the skin 
tends to grip the ground and the bones move on the skin until the 
vertical fibers become oblique. or almost horizontal, and they are 
then subject to great tension. They have a limited capability to 
stretch, and after a certain point can yield no more, At that point, 
either the body moves in relation to the foot or the foot slides 
along the ground. 

The beauty of the normal structure is that during normal activ- 
ity, all of the restraining fibers of the skin have a similar ability to 
stretch or to change their obliquity, so that the strain between skin 
and skeleton is distributed evenly and the tissues can usually han- 
dle all the stress they are subjected to. The trouble with a recently 
healed ulcer is that the flexible elastic sole tissue is replaced at one 
point by a solid, inflexible scar. The skin at that point cannot move 
in relation to the bone. What makes this dangerous is the fact that 
the rest of the skin of the sole retains its normal mobility. Thus 
when the foot transmits the shear stress of walking, the only re- 
straint is the single small area of adherence, so the shear stress that 
is ordinarily taken up by some 15 square inches of normal fibers is 
now taken up by 1 square inch of a new. weak mass of scar tissue. 
The predictable result is that the newly formed tissues are torn. A 
hematoma forms under the new skin, The damage is repeated with 
continued walking until the wound breaks down again. 
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FIGURE 51-30. A. Shear stress in normal intact skin. The continuous net- 
work of fibrous and elastic tissue withstands the stress. B. Shear stress in 
presence of scar from a recently healed ulcer. The scar forms a fixed point 
in the fibrous supportive network. Stresses cause tearing around the junc- 
tion of mobile and fixed parts of the sole. 


THE MANAGEMENT OF NEWLY HEALED 
PLANTAR ULCERS 


Several simple rules should be followed to minimize the recurrence 
of foot ulcers: 


1. The patient must understand the problem; otherwise he or she 
will make no real attempt to limit activity. 

2. Shear stress occurs maximally with fast walking, quick starts 
and stops, and when making long strides. It also occurs with 
extension of the toes at the metatarsophalangeal joint when the 
foot bends at the ball of the foot in the propulsive phase of gait. 

3. For the first few weeks after an ulcer heals, the patient should 
walk as little as possible, slowly and with short steps, prefer- 
ably with a rigid-soled shoe. 

4. Friction between the skin of the sole and the insole of the shoe 
must be minimized. The inner layer of the insole should be 
slick and slippery (leather or nylon, rather than rubber or ex- 
posed Plastazote). Talcum powder, silicone, or a double layer 
of socks helps to minimize the extent to which the skin of the 
foot sticks to the shoe. 


SURGICAL INTERVENTION 


Elective surgery on the diabetic foot is mainly directed at the pre- 
vention of localized pressure and shear. If for any reason it is diffi- 
cult to avoid high stress to a single aspect of the foot, even with 
well-fitted shoes, then a foot surgeon should be consulted. Clawed 
toes or hammer toes may be straightened to avoid stress on the tip 
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of the toe or on the dorsal aspect of the interphalangeal joint. 
Bunions and hallux valgus may need correction. If one metatarsal 
head is prominent on the sole and is shown to be under undue stress 
during walking in a well-fitted shoe, it may be useful to do an os- 
teotomy at its neck to allow the head to move into alignment with 
the other metatarsals. Less often, a metatarsal may be shortened to 
bring it into line with other already shortened metatarsals. Rarely 
should a metatarsal be removed. Although it allows the ulcer under 
it to heal, its removal decreases available weight-bearing surface 
and increases the stress under other metatarsals and creates new 
problems. 

Sometimes a foot may have an imbalance, such as a foot drop 
or inversion. If such an imbalance or deformity can be corrected 
surgically by tendon transfer or by an osteotomy, it may avoid the 
need for custom-made shoes or braces on a permanent basis. 


NEUROPATHIC FRACTURES 


” 


The definition of a “Charcot’s” fracture has evolved over time. Jean 
Martin Charcot described arthropathy that developed without 
known cause in patients with tabes dorsalis or other neuropathies.” 
The term Charcot’s fracture is now used to describe a fracture in 
the presence of neuropathy. It should also be extended to include 
cases in which the tarsus collapses due to ligamentous failure, but 
no fracture can be identified radiographically. 

When confronted with a neuropathic fracture, a physician who 
rarely sees them can be misled to make an incorrect diagnosis of 
infection with cellulitis. Frequently, patients with neuropathic frac- 
tures in the feet retain this diagnosis of infection for months before 
the correct diagnosis of fracture is made. 


CASE REPORT 


A 49-year-old African-American male was referred to the foot 
clinic by his family physician. The patient had refused to consent to 
having his left foot amputated. He wanted a second opinion. He 
had been admitted to his local hospital for foot infection 3 months 
earlier. No open foot wound had been present prior to his admis- 
sion at that time. 

Three weeks after that admission, radiologic studies were 
made of the foot. A radiologist interpreted the films as showing 
signs of osteomyelitis. An exploratory surgery was performed and 
a bone biopsy was taken. No abscess was found. The bone and soft 
tissue samples showed no bacterial growth when cultured. 

At no time during this hospital stay was the patient advised not 
to walk on his foot. After surgery the foot became more red and 
swollen. A second exploratory surgery was performed and again all 
cultures were negative. Two weeks later the patient was advised to 
have the foot amputated. 

On presentation to the foot clinic he presented with a dorsal foot 
wound 2 X 10cm in size. It showed no sign of purulence or necrosis. 
The foot was red, hot, and swollen. Radiologic studies revealed an 
anterior-medial pillar Charcot’s fracture.” He was placed in a rigid 
posterior splint. He was admitted to the hospital on complete bed 
rest with bedside commode and orders that he could only be trans- 
ferred from the bed by wheelchair. He was treated with wet-to-damp 
normal saline dressings and IV antibiotics. The skin wound healed 
in 3 weeks. Also by then most of the edema and erythema had sub- 
sided. A total contact cast was applied. He was then discharged from 


the hospital and antibiotics were discontinued. The cast was 
changed weekly for 4 weeks. After that casts were changed every 3 
weeks. Casting was continued until the surface skin temperature 
was within 2°C of that of the other foot. 

After 3 months of casting, a custom-molded foot-bed was con- 
structed and placed in an off-the-shelf double upright, orthopedic 
walking boot with Velcro straps. He used this boot for an additional 
3 months. He was then gradually rehabilitated from the boot to a 
custom-molded orthotic device in an extra-depth oxford shoe. He 
has been maintained in this shoe for the past 10 years. He has occa- 
sional small foot injuries. These are quickly addressed in the foot 
clinic. 

The key to success in the treatment of neuropathic joint defor- 
mity is early diagnosis. It is frequently at the regular routine 
checkup of the foot that early cases are detected. This includes the 
patient’s own nightly foot examination. The most constant sign of 
early joint damage is a patch of localized heat. If the patient feels 
his or her own feet each morning, he or she will quickly note this 
hot area, often on the medial aspect of the midfoot. At that stage the 
x-ray may show early fragmentation of the navicular, the medial 
cuneiform, or the head of the talus. When any increased heat, red- 
ness, or swelling is discovered in an insensitive foot with no open 
wound present, neuropathic fracture must be considered first. 

When confronted with a red, warm, swollen foot on a diabetic 
patient, and no open wound can be found, the clinician should as- 
sume that a Charcot’s fracture is present until an alternative diag- 
nosis is conclusively proven. Even if radiologic studies fail to show 
the presence of a fracture, if the surface skin temperature remains 
hot, the foot must be immobilized and weight bearing should be 
supported until the temperature returns to normal. 

Harris and Brand described patterns of tarsal disintegration." 
Any fracture in the presence of neuropathy could be classified as a 
Charcot’s fracture, but they have identified five patterns unique to 
insensate foot. They are: 


1. Posterior Pillar—This is a fracture of the posterior portion of 
the calcaneus. With time, the posterior portion of the fracture is 
pulled proximally by the Achilles tendon. 

2. Central Body—This fracture occurs at the inferior part of the 
talus where it articulates with the calcaneus. Initially, it does 
not involve the ankle joint. If the person continues to walk on 
the fracture, the bottom of the leg will get progressively closer 
to the ground by passing medial to, lateral to, or through the 
body of the calcaneus. 

3. Anterior Pillar (medial)—These fractures occur in the head 
of the talus or at the talar-navicular articulation. They progress 
to form a rocker-bottom foot or a large exostosis under the me- 
dial arch. 

4. Anterior Pillar (lateral)—These are the rarest pattern and in- 
volve the calcaneal-cuboid joint. The foot quickly develops a 
rocker-bottom shape. 

5. Tarsal/Metatarsal—These fractures are difficult to diagnose 
early in their development because they begin as a fracture in 
the first cuneiform, and radiologically the only evidence is a 
small increase in the space between the bases of the first and 
second metatarsals. With continued walking, the fracture ex- 
tends across the bases of all of the metatarsals. A bony ridge 
often forms across the top of the foot. 


Inflammation results in hyperemia. Prolonged hyperemia can 
result in local bone absorption. In normally sensate individuals, the 
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pain associated with inflammation will regulate their activity. In the 
absence of protective sensation, with continued unprotected use, 
the injury will attain a duration and intensity of inflammation not 
seen in normal individuals. This degree of inflammation results in 
the spread of injury, both from the repetitive stress of walking on 
an open wound and in the case of neuropathic fracture. Successful 
management of these injuries requires the cessation of the progres- 
sion of inflammation through relief of weight bearing and immobi- 
lization of joints and tendons. 


CONCLUSION 


The vast majority of lower extremity amputations can be avoided. 
To accomplish this on a national scale, the medical community 
must embrace changes in its current approach to this epidemic. The 
physician must learn to appreciate the unique environment in 
which neuropathic injuries occur. A multidisciplinary team is 
needed to successfully manage diabetic foot problems. Injury pre- 
vention through education, appropriate footwear, and regularly 
scheduled clinic visits should be at the heart of such a program. 
Members of this team should have a knowledge of psychology, so- 
cial intervention, patient education, footwear and orthoses, biome- 
chanics of the lower extremity, neuropathic wound and fracture 
care, and diabetes management. The person with diabetes is a pa- 
tient for life. Professionals who accept the challenges of helping 
them should be willing and able to provide treatment and rehabili- 
tation for the rest of their patients’ lives. 
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CHAPTER 52 


Diabetes and the GI System 


Francisco J. Baigorri 
Jamie S. Barkin 


Diabetes mellitus affects the entire gastrointestinal system. There- 
fore as expected, patients with diabetes mellitus are prone to de- 
velop a spectrum of clinical symptoms directly related to the ef- 
fects of diabetes mellitus on their GI tract. This chapter will review 
these entities, discussing both clinical and pathologic features. In 
addition, multiple organs may be involved and therefore symptoms 
may overlap and present a complex picture. 


ESOPHAGUS 


Esophageal Motor Dysfunction 


Esophageal motor dysfunction has been well-documented in pa- 
tients with diabetes mellitus since Mandelstam and Lieber’s cinera- 
diographic study in 1967.' They described reduced or absent pri- 
mary peristaltic waves and occasional tertiary contractions in 12 of 
14 diabetic patients with neuropathy. Subsequently, these abnor- 
malities have been characterized using manometry, radiography, 
and scintigraphy. 

Overall, manometric abnormalities occur in over 50% of pa- 
tients with diabetes. These include increased numbers of sponta- 
neous and repetitive contractions, aperistaltic contractions, reduced 
lower esophageal sphincter pressure, reduced amplitude of pharyn- 
geal and esophageal contractions, and increased duration of peri- 
staltic contractions. Studies using high-fidelity manometric record- 
ings have demonstrated an aberrant pattern of multipeaked 
peristaltic pressure complexes in the smooth muscle segment of the 
esophagus in patients with evidence of diabetic autonomic neu- 
ropathy (DAN).” This finding was uncommon in patients with dia- 
betic autonomic neuropathy or in other patient groups. However, 
the multipeaked peristaltic waves moved food boluses through the 
esophagus effectively, and the diabetic subjects studied lacked clin- 
ical symptoms. Other manometric studies have corroborated that 
despite the demonstration of esophageal manometric abnormali- 
ties, clinical symptoms such as dysphagia, chest pain, or heartburn 
are usually very mild or absent.’ This may be secondary to an un- 
derlying diabetic sensory neuropathy. Therefore, the functional sig- 
nificance of these manometric abnormalities remains unclear. 

Video radiography and nuclear scintigraphy are more useful 
screening tests for evaluating disturbances of esophageal motility. 
Impaired esophageal transit and emptying was demonstrated in up 
to 35% of patients with both type 1 (T1DM) and type 2 diabetes 
mellitus (T2DM).** Another prospective study demonstrated de- 
layed esophageal emptying in 34 of 50 type 1 diabetic patients. De- 


spite the demonstration of delayed esophageal emptying, most sub 
jects remained asymptomatic. Again, whether this is related to im 
paired sensory perception or a lack of symptoms of physiologic 
significance is unclear. However, these patients probably have ar 
increased risk of stasis, including localized pill ulceration of the 
mucosa and delayed drug absorption. 

Gastroesophageal reflux also occurs more often in patients 
with diabetes. Diminished lower esophageal sphincter pressure 
has been demonstrated manometrically, and 24-hour pH moni- 
toring has shown that reflux occurs more frequently in diabetic 
patients than in controls. Using ambulatory pH monitoring, 9 of 
20 persons with diabetes had abnormal acid reflux. It was sug- 
gested that delayed gastric emptying may have contributed to the 
reflux. Neural impairment appears to play a significant role in 
the pathogenesis of esophageal dysmotility. There is a strong 
correlation between the presence of autonomic and peripheral 
neuropathy and abnormal esophageal motor function in diabetic 
patients.” Some studies have shown that the duration of disease 
may correlate with the severity of the neuropathy, yet others 
have found no significant correlation. An interesting association 
is the proposed strong relationship between psychiatric illness, 
especially depression and generalized anxiety, and esophageal 
motility disturbances, which was independent of the presence of 
neuropathy.° 

Physiologic and histologic evidence supports neural dysfunc- 
tion rather than esophageal smooth muscle impairment as a pri- 
mary factor in diabetic patients with esophageal motility distur- 
bances. Animal studies have demonstrated intramural neural 
mechanisms for the control of esophageal peristalsis. The on- 
contraction (A wave) is controlled by cholinergic excitatory 
nerves, and the off-contraction (B wave) is elicited by noncholin- 
ergic, nonadrenergic inhibiting nerves. Therefore, A waves are 
atropine sensilive whereas B waves are not. Loo and coworkers 
demonstrated an aberrant manometric pattern of multipeaked 
peristaltic pressure complexes in diabetic patients with DAN.” 
These complexes were converted to monophasic waves by ad- 
ministration of a small dose of atropine, whereas administration 
of edrophonium exaggerated the number and amplitude of these 
complexes. They concluded that neural dysfunction caused the 
aberrant motility pattern. Evidence of a neurologic rather than a 
myopathic disorder includes histologic studies that show abnor- 
malities within prevertebral ganglia, including Schwann cell loss 
and Wallerian degeneration, whereas myenteric plexus and 
esophageal musculature remain intact.” 
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Also, monilial esophagitis, reflux esophagitis, and both benign 
and malignant strictures should be excluded. Obviously, one must 
exclude a cardiac source of the chest pain and esophageal mucosal 
disease prior to ascribing it to an esophageal motor disorder. 


Monilial Esophagitis 


Monilial esophagitis is most commonly found in patients with un- 
derlying malignancies, cirrhosis, or reduced immune response. In 
addition, diabetic patients are predisposed to monilial esophagitis. 
These patients usually have uncontrolled diabetes or are receiving 
immunosuppression after undergoing renal transplantation. Symp- 
toms of monilial esophagitis include dysphagia or odynophagia 
that may be so severe as to prevent swallowing. The dysphagia is 
usually for solids, but may involve liquids, especially if they are 
hot. Radiographic findings of candidiasis on barium swallow in- 
clude a shaggy outline of the esophageal wall or frank ulcerations, 
intermucosal filling defects, nodular formations, or a combination 
of these entities. These findings are usually more prominent in the 
middle or lower third of the esophagus. Esophagoscopy often re- 
veals a yellowish, cheesy exudate on the mucosa, which is erythe- 
matous and friable but may be ulcerated. Esophageal brushings re- 
veal yeast forms. Cultures for Candida may reveal the organisms, 
but are unable to distinguish whether there is colonization or inva- 
sion of the esophageal mucosa. Biopsies of the esophagus may 
show buds or hyphae invading the mucosa. Serum agglutinating 
titers may be valuable when the titer is > 160, which usually corre- 
lates with severe infection and tissue invasion. 

Treatment for monilial esophagitis is dependent on the severity 
of the infection. Mild cases can be treated with luminally active 
agents such as nystatin, clotrimazole. or oral amphotericin. In 
symptomatic or refractory cases, oral medications that reach the 
systemic circulation such as ketoconazole or fluconazole can be 
used, and a single dose has been reported to be curative. Flucona- 
zole appears to have fewer side effects than ketoconazole and may 
be better absorbed in the patient with achlorhydria. Both of these 
agents may interfere with the metabolism of other drugs, for exam- 
ple, coumadin and cyclosporine. The use of intravenous therapy for 
monilial esophagitis with amphotericin B and flucytosine is usually 
reserved for granulocytopenic patients with fungal esophagitis, 
who have a higher risk of disseminated disease.’ 


STOMACH 


Gastroparesis Diabeticorum 


Clinical Features 

Gastric neuropathy secondary to diabetes was first described 
by Rundles in 1945° and became widely recognized after 1958 
when Kassander first used the term gastroparesis diabeticorum. 
Although gastric motor abnormalities can be found in approxi- 
mately 20-30% of diabetic patients, most studies show very little 
correlation with clinical complaints. Symptoms predominantly re- 
sult from (1) gastroesophageal reflux with heartburn and halitosis, 
(2) gastric stasis with early satiety, pain, nausea, vomiting, and/or 
anorexia, and (3) distension with hiccups. These are most pro- 
nounced postprandially and occur intermittently, punctuated by 
symptom-free intervals. There may a deterioration and lability of 
glycemic control due to unpredictable gastric emptying, resulting 
in hypoglycemic episodes. Moreover, in some diabetic patients 


with gastroparesis, the only symptom may be poor glycemic con- 
trol, without any gastrointestinal symptoms. So gastroparesis can 
be present without any symptoms, just as myocardial ischemia can 
occur without symptoms in diabetic patients. ° Rarely gastric stasis 
may result in formation of gastic bezoras and bacterial overgrowth. 


Pathophysiology 

The etiology of delayed gastric emptying due to diabetes mel- 
litus remains unclear. Vagal neuropathy has been proposed because 
of its role in the reflexes that regulate gastric motility and empty- 
ing. In support of this theory, postvagotomy patients demonstrate 
similar radiographic and clinical findings to patients who have dia- 
betic gastroparesis. Physiologic evidence of vagal dysfunction has 
been demonstrated by decreased acid output in response to sham 
feeding and elevated gastrin levels in diabetic patients with gastro- 
paresis.'! Pharmacologic evidence also exists in that antral contrac- 
tions are directly stimulated by metoclopramide and bethanechol 
and are inhibited by atropine in affected patients. Support also rests 
on histologic abnormalities of the vagus, including lymphocytic in- 
filtration, irregularity or disruption of nerve fibers, and crowding of 
Schwann cell nuclei, as well as segmental demyelination, that are 
seen in patients with gastroparesis diabeticorum.*'*? Evidence 
against vagal] neuropathy is the lack of acceleration of early gastric 
emptying seen in postvagotomy patients, but not in diabetic pa- 
tients with gastroparesis. In addition, after surgical vagotomy, there 
is preservation of the differential rate of emptying of liquids and 
solids, which is occasionally lost in diabetic patients. Finally, 
Yoshida and collaborators found no histologic abnormalities of the 
myenteric plexus or abdominal vagus in diabetic subjects with or 
without gastroparesis when compared to controls. Coordinated re- 
laxation of the pylorus is essential for chyme to move efficiently 
from the antrum to the duodenum. Pylorospasm has been reported 
as a cause of delayed gastric emptying in diabetic patients.'°"" 

Hormonal factors are important in the control of gastric empty- 
ing. Motilin, a gut polypeptide, is capable of initiating an interdi- 
gestive migrating motor complex (IMMC). Diabetic patients have 
higher basal levels of motilin,'? which decrease in response to in- 
sulin administration.'* In normals, metoclopramide-induced 
IMMC was associated with increased plasma motilin levels that 
were decreased in diabetic patients.” In addition to motilin, dia- 
betic subjects have altered secretion of pancreatic polypeptide, so- 
matostatin, glucagon, and gastrin.'® Despite these abnormalities, 
the role of hormonal imbalance in diabetic gastric dysfunction re- 
mains unclear. 

Several other factors in diabetes may affect gastric motility. 
These include the level of glycemic control and the occurrence of 
ketonemia, acidosis, and electrolyte disturbances. Acute hyper- 
glycemia decreases emptying of liquid meals and may contribute to 
a generalized gastric atony. Acute gastric dilation is frequently seen 
in patients with diabetic ketoacidosis and may be a result of hyper- 
glycemia, hyperglucagonemia, electrolyte imbalance, ketonemia, 
acidosis, or an acute reversible autonomic neuropathy. In summary, 
the etiology of diabetic gastric dysfunction is unclear, but it likely 
results from an alteration of several interrelated factors. 


Diagnosis 

Gastroparesis diabeticorum should be suspected clinically if 
the patient has upper GI tract symptoms or if their diabetes be- 
comes difficult to control without explanation. Roentgenographic 
and nuclear medicine solid phase gastric emptying studies assist 
in diagnosis. Contrast studies will likely demonstrate advanced 
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disease, whereas early disease and its quantification are measured 
by gastric emptying studies. The most common radiologic feature 
On upper gastrointestinal series is sluggish, ineffectual, and irregu- 
lar gastric peristalsis. This often may be accompanied by the pres- 
ence of a significant amount of solid gastric residue despite the 
preceding 12-hour fasting period. Other features commonly noted 
on barium study include elongation of the stomach, giving it a 
sausage-shaped configuration, significant retention of ingested bar- 
ium (grossly defined as 50% or more of the ingested barium pres- 
ent on the 30-minute follow-up film), and duodenal bulb atonic di- 
latation without evidence of organic obstruction (Fig. 52-1). The 
pylorus is widely patent, although it may be necessary for the ex- 
aminer to extemally compress the abdomen in order to force bar- 
ium into the duodenum to demonstrate pyloric patency. 
Radioisotope gastric serial scintiscanning studies allow quan- 
tification and accurate measurement of both liquid- and solid-phase 
emptying. The method for measuring solid-phase emptying uses in 
vitro labeled egg albumin and is usually abnormal in patients with 
diabetes mellitus and gastroparesis (Fig. 52-2), Conversely, gastric 
emptying of liquid meals is often normal. The emptying rate of the 
indigestible solids seems to demonstrate the most profound abnor- 
malities of gastric emptying in patients with gastroparesis diabeti- 
corum.” In a healthy control group, most orally ingested markers 
emptied from the stomach by the fourth postprandial hour, and all 
ten markers had emptied by 6 hours in 45 of 46 trials. In contrast, 


FIGURE 52-1. Upper GI barium study. showing significant solid residue 
after an overnight fast in an elongated sausage-shaped stomach with re- 
tained barium without evidence of mechanical gastric outlet obstruction. 
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indigestible solid markers were retained in the stomach 6 hou 
after the meal in 50% of the diabetic patients studied. The gastr 
emptying rate has been measured by carbon-labeled breath test ar. 
compared with scintiscanning studies.'*C labeled food is absorbe 
from the intestine as it is emptied from the stomach, and then e) 
pired from the lungs where it can be measured. There seems to be 
good correlation between the results of the breath test and the scir 
tiscanning test. 

Manometric studies of the stomach demonstrate diminishe 
proximal stomach and antral motor activity as well as an absenc 
of gastric interdigestive motor complexes in patients with gastro 
paresis diabeticorum.'* Mearin and associates investigated the py 
loric activity in diabetic patients who had recurrent nausea or vom 
iting without evidence of mechanical obstruction. '? The duration o 
their total pyloric activity before and after meals was found to bi 
significantly greater than in controls. Further, episodes of unusu 
ally prolonged pyloric activity and intense tonic contractions, so 
called pylorus spasms, were observed in 14 of 24 diabetic patient: 
versus only one control. They concluded that pyloric dysmotility i: 
part of the widespread disruption of gut motility that affects pa- 
tients with diabetes. Its pathophysiologic and clinical sequelae are 
undetermined. 

Gastric contractions are normally coordinated by slow waves 
that migrate distally through the body and antrum of the stomach ai 
a rate of 3 cycles per minute (cpm) in humans.”” These can be ac- 
curately recorded by electrodes placed either on the serosal surface 
of the stomach or cutaneously.”' The resulting electrogastrogram 
(EGG) can detect gastric arrhythmias which are present in disor- 
ders such as diabetes mellitus, nausea and vomiting in pregnancy, 
anorexia nervosa, and motion sickness.” Interestingly, these ar- 
rhythmias can be created in normals by injection of large doses of 
glucagon.” Good correlation has been obtained between symp- 
toms and EGG findings both before treatment and after clinical im- 
provement with directed therapy.”’*" Although this examination is 
not widely available, it appears to be promising as a diagnostic test 
and may be useful for clinical monitoring after treatment. 

In summary, the normal emptying of digestible solids from the 
stomach is dependent on antral motor function, whereas liquid 
emptying is dependent on the gradient between proximal stomach 
and duodenum. Diabetic patients with symptomatic gastroparesis 
do not empty liquids significantly differently from normal patients, 
whereas digestible and nondigestible solids empty significantly 
more slowly than normal. The slow emptying of nondigestible 
solids occurs because of abnormalities of the IMMC, The IMMC is 
normally associated with a cyclically appearing caudally migrating 
muscular contraction that acts as a janitorial service to sweep the 
stomach and upper small bowel of nondigestible products and bac- 
teria. A loss of antral phase three of the IMMC has been found in 
diabetic patients.” Abnormalities of this function may lead to de- 
velopment of gastric bezoars and bacterial overgrowth. The pylorus 
is especially important in regulating gastric emptying of solids, and 
pyloric dysmotility may contribute to delayed solid-phase empty- 
ing that affects some patients with diabetes mellitus. Finally, ab- 
norma! gastric slow-wave activity has been detected by electrogas- 
trography, which in humans originates in the antrum and may be 
related ro nausea symptoms and a delay in gastric emptying.” 

The diagnosis of gastroparesis diabeticorum requires exclusion 
of other causes of gastric dysfunction, including functional and 
mechanical obstruction. Functional disorders that may mimic gas- 
troparesis diabeticorum include parasympathetic loss, such as sur- 
gical vagotomy; destruction of the vagus from pulmonary, 
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FIGURE 52-2. Delayed emptying oo solid-phase nuclear gastric emptying scan in a diubetie patient with 
y Pong 8 ptying p 


gustroparesis. 


esophageal, or gastric malignancy: and drug-induced motility 
dysfunction. The most common drugs include tranquilizers, anti- 
cholinergics, ganglionic blocking agents. and tricyclic antidepres- 
sants. Symptoms similar to gastroparesis diabelicorum may also be 
a consequence of gastric mucosal disease. such as peptic ulcer dis- 
ease, tumor or mechanical obstruction such as pyloric stenosis, or 
cicatrix. 

The diagnostic evaluation of diabetic patients with symptoms 
suggestive of gastric stasis should begin with upper endoscopy to 
exclude primary mucosal disease or mechanical obstruction. Park- 
man and Schwartz found that 55% of their 20 diabetic patients with 
intractable nausea and vomiting had gastrointestinal disorders other 
than gastroparesis that could explain their symptoms."' Following 
exclusion of an anatomic cause of obstruction. further evaluation of 
gastric emptying with a radioisotopic study should be performed. 
This work-up provides both anatomic and functional evaluation of 
the stomach and permits exclusion of other causes of gastric dys- 
function. Other diagnostic tests that should be performed are a small 
bowel series and possibly an abdominal CT, the latter to visualize 
the pancreas. Unfortunately, there is 4 very poor correlation between 
gastric emptying and symptoms (Table 52-1). 


Treatment 

Treatment of gastroparesis diabeticorum 1$ often difficult be- 
cause hyperglycemia inhibits gastric motility. Conversely, diabetic 
control may be more difficult because of the delayed gastric emp- 
tying. Our approach is to initiate a liquid diet if the patient is an 
outpatient, or if hospitalized the patient is kept NPO. and intra- 
venous glucose is administered. Once glucose levels have returned 


TABLE 52-1. Gastroparesis Diabeticorum: Diagnosis and 
Management 


Diagnosis 

Suspect vustroparesis in patients with nausca, vomiting, reflux. bloating 

Exclude mechanical obstruction and peptic ulcer disease by performing 
un upper endoscopy 

Exclude drug-induced mechanical obstruction: anticholinergics, tri- 
cyclic antidepressants 

Barium studies are sensitive only in patients with advanced disease: also 
may show 
impaired peristalsis, and retained solid gastric residue despite fasting 

Electrogastrogram: not widely available 

Solid phase radioisotopic study 

Consider CT of the abdomen to evaluate the pancreas 

Management 

Optimize glucase control 

Low-fat, low-fiber diet 

Four to six smäll meals daily 

Metoclopramide 

Domperidone (outside U.S.) 

Cisapride (outside the U.S.) 

Erythromycin 

Erythromycin derivatives (in the future) 


to normal, medical therapy is initiated. A low-fat diet (<40 grams 
per day) and a decreased amount of fiber distributed in 4—6 meals a 
day may help the symptoms of patients with gastroparesis diabeti- 
corum.” Cholinergic agents such as bethanechol and 
cholinesterase inhibitors such as ambenonium chloride have met 
with variable success and are often associated with disturbing side 
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effects. The agents most commonly used for the treatment of gas- 
troparesis diabeticorum are promotility drugs such as metoclo- 
pramide, domperidone (outside of the United States), cisapride, 
and erythromycin. Cisapride, which was also used, has been with- 
drawn from the U.S. market by the Food and Drug Administration 
because of drug-induced cardiac arrhythmias. These agents stimu- 
late contraction of the smooth muscle of the gastrointestinal tract. 

Although metoclopramide’s mechanism of action has not been 
completely elucidated, actions that may be responsible for its ef- 
fects include: (1) the release of acetylcholine from intrinsic nerve 
plexus in muscles, (2) antagonism of dopaminergic and tryptamin- 
ergic neural transmission, (3) inhibitory effects of dopamine on 
gastric motility, (4) facilitation of peristaltic reflexes, (5) direct ef- 
fect on gut smooth muscle, and (6) inhibition of the central nervous 
system chemoreceptor trigger zone for vomiting. The mechanism 
of action of domperidone has not been completely elucidated, but it 
is believed to promote gastric relaxation and enhanced antral con- 
tractility through antagonism of peripheral dopamine receptors.” 
Unlike metoclopramide, domperidone does not cross the blood- 
brain barrier and therefore has no significant effects within the cen- 
tral nervous system (CNS).”? Erythromycin and other 14-member 
macrolides are believed to stimulate gastrointestinal motility by 
mimicking the effects of the gut polypeptide motilin.” 

Administration of metoclopramide initially increases the rate 
of gastric emptying in patients with delayed gastric emptying, as 
evidenced by decreased gastric volumes, decreased recovery of in- 
gested solid foods, and increased rate of gastric emptying of iso- 
topically labeled test meals.*>*° Several clinical trials of multiple- 
dose metoclopramide therapy have demonstrated improvement in 
both symptoms and gastric emptying rate? Investigators have 
noted that a reduction in symptoms was seen in some patients with 
minimally impaired gastric emptying, suggesting an important role 
for the antiemetic properties of metoclopramide.”® ° However, 
long-term trials have demonstrated a discordance between dimin- 
ished motility effects and continued symptomatic relief with this 
agent.” Unfortunately, adverse effects occur in approximately 
20% of patients after metoclopramide administration and most 
commonly involve the CNS and GI tract. The CNS effects require 
monitoring of the patient for development of extrapyramidal symp- 
toms, and rarely, Parkinsonian motor disorders and dystonia,“ 
which may not resolve with discontinuance of the drug. Addition- 
ally, metoclopramide can produce hyperprolactinemia, resulting in 
breast tenderness and enlargement, galactorrhea, and menstrual ir- 
regularities.*! The usual adult dosage of metoclopramide for the 
treatment of diabetic gastroparesis is 10 mg, four times daily given 
15-30 minutes before meals and at bedtime. Initially, the patient 
should be started on liquid metoclopramide to facilitate its absorp- 
tion. Higher doses are often tolerated, but an increased incidence of 
adverse effects is likely, particularly in the elderly.*' Lastly, pa- 
tients with a creatinine clearance <60 mL/min should have appro- 
priate reductions in dosage.” 

Domperidone experimentally enhances gastroduodenal con- 
tractility and coordination, and clinically increases the rate of gas- 
tric emptying.***? Similarly to metoclopramide, domperidone 
treatment in diabetic patients commonly results in early symptom 
relief, although quantitative improvement in gastric emptying has 
been only temporary and statistically insignificant.” ** Koch and 
associates, in an open-label trial, demonstrated normalization of 
gastric arrhythmias in all six insulin-requiring diabetic patients 
treated for 6 months with domperidone, 20 mg four times a day.” 
The restoration of the normal gastric myoelectric activity (3 cy- 
cles/min) occurred despite the persistence of abnormal solid-phase 
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gastric emptying, but was associated with symptomatic imprc 
ment in these diabetic patients. However, this did not norma 
their solid-phase emptying rates, demonstrating another disc 
dance between the clinical and physiologic effects of drug ther. 
for diabetic gastroparesis. In contrast to metoclopramide, domp 
done has poor penetration of the blood-brain barrier and theref 
CNS symptoms are exceedingly rare.** Cardiac arrhythmias n 
result from intravenous administration.“ The usual adult d: 
dosage ranges from 40-120 mg in three to four divided doses i 
need not be adjusted for renal dysfunction.” 

Erythromycin and the other 14-member drugs that 
macrolides stimulate increased gastrointestinal motility by act 
as competitive agonists for motilin receptors located predoi 
nantly above the ligament of Treitz.*> The initial report of the 1 
of erythromycin in 10 patients with diabetic gastroparesis 
Janssens and coworkers revealed that 200 mg administered int 
venously 20 minutes postprandially markedly improved the 
verely impaired gastric emptying of both liquids and solids.** 
addition, patients receiving erythromycin at a dose of 250 1 
orally three times daily before meals for 1 month, showed statis 
cally significant improvement in their emptying of both solids a 
liquids at 120 minutes after ingestion of a double-isotope test me 
Peeters and associates demonstrated that low-dose IV erythrom 
cin (40 mg) in patients with diabetic gastroparesis induced a pı 
mature pattern of contractions that mimicked the naturally occi 
ring gastric phase three of the IMMC.” Larger doses (200-350 r 
given intravenously) prompted a burst of rhythmic antral contra 
tions at maximal contractile frequency with no propagation to t 
small bowel and absent phase one IMMC quiescence. Eryt 
romycin and other macrolides with motilinomimetic properties a 
pear to correct both the interdigestive and postprandial motility d 
fects found in patients with diabetic gastroparesis duri 
short-term treatment. lt remains unclear whether these physiolog 
effects will translate into long-term symptomatic improvemer 
Preliminary studies suggest that erythromycin derivatives may pl: 
a role in the therapy of diabetic gastroparesis without the antiba 
terial effect of erythromicin.”” 

Our treatment approach in a hospitalized patient with i 
tractable symptoms is to initially use an intravenous bolus 
erythromycin or metoclopramide. Peristalsis visualized during e 
doscopy following drug infusion may predict a successful initi 
therapeutic response. We generally continue intravenous admini 
tration of the drug during progressive liberalization of food intal 
from liquids to semisolids to solids, switching to an oral prok 
netic preparation after solids have been tolerated for 24-48 houi 
Improved response may be obtained when these drugs are cor 
bined because they act physiologically on different areas of the ¢ 
tract. 

Surgical intervention for refractory diabetic gastroparesis 
rare but should arguably provide a means for gastric drainage, d 
compression, and a route for predictable nutritional suppo: 
Drainage procedures alone, such as gastrojejunostomies and p 
loroplasties, have only a 50% success rate.” Reardon and cowor 
ers reported a patient who underwent a pyloroplasty, decompre 
sion gastrostomy, and feeding jejunostomy with significant clinic 
improvement initially, but then suffered a complication due to tl 
jejunostomy tube, which eventually resulted in death. A feedit 
jejunostomy, although a valuable tool for nutritional support ai 
glycemic control, is associated with significant complications suc 
as clogging, a “dumping” syndrome related to bolus feedings, a1 
small bowel necrosis due to nonthrombotic occlusion of mese 
teric vessels. Alternatively, a percutaneous endoscopically guid 
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jejunostomy (PEJ) can provide a means of both gastric decompres- 
sion and jejunal feeding without the inherent risks of surgery. 

The prognosis for patients with symptomatic gastroparesis dia- 
beticorum is guarded, since these patients usually have advanced 
complications of diabetes mellitus. The course of patients with 
asymptomatic gastric motility disturbances is unknown. 


Atrophic Gastritis 


The gastric mucosa in diabetic individuals becomes atrophic at an 
earlier age and more frequently than in nondiabetic patients. As 
many as 85% of diabetic patients have biopsy-proven partial or 
complete atrophy of the gastric mucosa.” The gastritis does not ap- 
pear to be related to the severity or duration of the diabetes, but in- 
stead is age related. With advancing age, the frequency of superfi- 
cial or atrophic gastritis increases. 

Studies of gastric acid secretion of diabetic patients have 
yielded conflicting results. Several studies have reported a decrease 
in gastric secretion when compared with nondiabetic individuals, 
whereas others have found no difference in their maximum acid 
output.'"? One possible explanation is that both hyperglycemia 
and hyperglucagonemia inhibit gastric acid secretion. Green and 
associates used sham feeding to evaluate vagal control of gastric 
acid production compared with pentagastrin stimulation.*! In con- 
trast to previous findings, a reduced acid secretory response to 
sham feeding was not consistently found in a diabetic population.” 
In addition, Gramm and coworkers found that acid secretory re- 
sponses to homogenized food, infused directly into the stomach of 
diabetics, as well as maximal acid secretion to parenteral pentagas- 
trin, is normal,” indicating an intact acid secretory capacity. How- 
ever, in diabetic subjects, the food-stimulafed gastrin response was 
exaggerated, and this may have been sufficient to permit a normal 
acid response to food. 

Antibodies to gastric components are more frequently found in 
type | diabetic patients than in nondiabetic individuals. Circulating 
parietal cell antibodies have been found in up to 25% of type 1 dia- 
betic patients compared with 8% of controls. Intrinsic factor anti- 
bodies occur in up to 8% of people with diabetes,” and these were 
especially prevalent in young women with type | diabetes. As 
might be expected with time, latent pernicious anemia appears to 
be more common in this group, affecting 4-5% of middle-aged and 
elderly type 1 diabetic patients, especially women.” Therefore, in 
type | diabetic patients who have peripheral neuropathy, coexisting 
unsuspected pernicious anemia may be present and should be 
sought by determining periodic B, levels. 

The role, if any, that Helicobacter pylori has in diabetic gastri- 
tis is unclear and remains to be further elucidated. There appears to 
be a greater incidence of H. pylori infection in diabetics, which 
correlates better with duration of diabetes than with the chronolog- 
ical age of the patient. Conversely, there is a decreased incidence of 
H. pylori infection in patients with diabetic gastroparesis when 
compared to patients with normal gastric emptying. 


SMALL INTESTINE 


Diabetic Diarrhea 


Clinical Presentation 
Involvement of the small intestine in diabetics is often sympto- 
matic, resulting in diarrhea. The frequency of diarrhea varied from 


10-22% in Feldman and Schiller’s study. The syndrome of diar- 
thea in diabetic patients was first described by Bargen and col- 
leagues in 1936. Characteristically, these patients are young adults 
(20-40 years old), more often men than women (ratio 3:2), with 
poorly controlled, longstanding type | diabetes occurring a mean 
of 8 years after the onset of diabetes mellitus." There is usually co- 
existent peripheral or autonomic neuropathy. The diarrhea is usu- 
ally brown, watery, and voluminous, and may be associated with 
tenesmus. As many as 75% of diabetic patients with diarrhea have 
documented steatorrhea. Altered small bowel motor function 
alone, without any concomitant malabsorption disorder, may pro- 
duce up to 14 grams per day of fat in the stool.” Fecal incontinence 
may also occur and is distinguished from diabetic diarrhea by fre- 
quent stools of low volume, associated with neuropathy of the ex- 
ternal and internal°°>” sphincter. Diabetic diarrhea can occur at any 
time, but is often nocturnal and may be associated with soiling and 
fecal incontinence. It is important to distinguish fecal incontinence 
from true diabetic diarrhea, the latter presenting with an increased 
stool volume (>200 g daily). In patients with diabetic diarrhea: (1) 
defecation may be preceded by abdominal distension and borbo- 
rygmi, (2) the patient may pass up to 20 or more stools daily, and 
diarrhea is often worse following meals, and (3) the diarrhea is typ- 
ically episodic, with bouts lasting days to weeks. These episodes 
are often followed by weeks to months of normal bowel habits, or 
occasionally constipation. Interestingly, as time passes the diarrhea 
tends to become less severe. Even with severe diarrhea, body 
weight is generally maintained. If weight loss is present, it is usu- 
ally in association with concomitant gastroparesis or steatorrhea. 


Pathophysiology 

The pathogenesis of diabetic diarrhea is still not completely re- 
solved and is probably multifactorial. Several mechanisms are pro- 
posed to explain the structural and functional pathogenic abnor- 
malities involved in diabetic diarrhea. These include (1) visceral 
autonomic neuropathy, *! (2) bacterial overgrowth, (3) bile acid 
malabsorption," (4) pancreatic exocrine insufficiency, and (5) 
electrolyte imbalance™ and altered gut hormone production. Over- 
all, it appears that the major contributing factor is the presence of 
diabetic autonomic neuropathy (DAN). 

Several concepts support this postulate. The diarrhea often co- 
exists with other manifestations of DAN, particularly abnormal 
pupillary responses, impotence, dysfunction of the urinary bladder, 
anhidrosis, retrograde ejaculation, or orthostatic hypotension. Au- 
tonomic dysfunction from causes other than diabetes also result in 
diarrhea, including vagotomy, sympathectomy, pheochromocy- 
toma, administration of ganglionic blocking agents, and infiltrative 
processes involving the autonomic ganglia such as amyloidosis.“ 
Previously, the only significant autonomic histological finding was 
a nonspecific dendritic swelling in the sympathetic prevertebral 
and postvertebral ganglia, which was often present in diabetic pa- 
tients both with and without diarrhea. Degenerative histologic 
changes have not been consistently observed in the intestinal 
plexuses studied by Meissner and Auerbach in diabetic patients, 
and the intestinal mucosa, muscle, microvasculature, and ganglia 
are often normal histologically." Occasionally, there is mild lym- 
phocytic infiltration of the lamina propria. 

The mechanism by which DAN plays a role in diabetic diar- 
thea may involve alterations in ion transport as well as impairment 
of intestinal motility. First, the loss of autonomic regulation of ion 
transport, which is secondary to the loss of the a-adrenergic ente- 
rocytic receptors, may lead to diarrhea. These a>-adrenergic recep- 
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tors in the small and large intestine enterocytes stimulate sodium 
chloride absorption and inhibit bicarbonate secretion,®® resulting 
in a net influx of fluids and ion. Chang and coworkers demon- 
strated an impaired adrenergic regulation of mucosal ion transport 
resulting in a net intestinal fluid secretion in streptozocin-induced 
chronically diabetic rats with diarrhea.“ Clonidine, a specific 
a-adrenergic receptor agonist that enhances mucosal absorption 
of fluid and electrolytes and inhibits anion secretion, has resulted in 
decreased diarrhea in uncontrolled trials.°°* The prominent side 
effects of clonidine such as orthostatic hypotension, sedation, and 
dry mouth have been less frequently found in diabetic patients who 
receive this drug. In cases where the use of oral clonidine is associ- 
ated with side effects significant enough to limit treatment, recent 
case reports have suggested that topical clonidine may be substi- 
tuted with a similar benefit in the treatment of diabetic diarrhea, 
with a less pronounced side effect profile. 

Gastrointestinal motor abnormalities also affect the small 
bowel in diabetic patients. Studies have shown considerable vari- 
ability in small bowel transit time. Thus both delayed and enhanced 
motility have been observed in studies using radiopaque markers 
and hydrogen breath tests.°’** In view of these conflicting findings, 
it is likely that the pathophysiology of diabetic diarrhea is diverse. 
A recent study has shown that even though the transit time is often 
abnormal in diabetics, patients did not necessarily have diarrhea.” 
It has been suggested that the neuropathic process can induce alter- 
ations in the intestinal motility by disturbing the propagation of 
myoelectric activity.” The presence of rapid transit may result in 
increased fecal propulsion and diarrhea, or conversely, slow transit 
may lead to stasis and bacterial overgrowth, promoting diarrhea 
and steatorthea via a type of blind-loop syndrome. 

The three factors that prevent the growth and accumulation of 
enteric bacteria in the upper small intestinal lumen are intestinal 
motility, gastric acid, and immunologic or bacteriostatic intestinal 
secretions. Alteration of one or more of these mechanisms can re- 
sult in small intestinal bacterial overgrowth. The delayed small 
bowel transit observed in diabetic patients can therefore lead to 
bacterial overgrowth. The pathophysiologic basis is that small 
bowel bacteria deconjugate bile acids, preventing micelle forma- 
tion, and result in fat malabsorption, steatorrhea, and diarrhea. In- 
direct support of this proposal comes from a few reports that de- 
scribe clinical improvement of the diarrheal syndrome with 
broad-spectrum antibiotics. Bacteriologic evidence has revealed 
normal bacterial concentrations in most of these patients. However, 
these studies did not culture for anaerobic bacteria (i.e., bac- 
teroides, enterococcus, and clostridium) which unlike aerobic bac- 
teria, are capable of deconjugating bile salts more effectively. 

The gold standard for the diagnosis of bacterial overgrowth is 
the proper placement of a jejunal tube and culture of the intestinal 
aspirate. The normal concentration of bacteria in the upper GI tract 
is <10* organisms per mL of intestinal contents. Noninvasive 
breath tests have also been evaluated as a means to detect bacterial 
overgrowth. Studies have shown that the '*C xylose breath test has 
a sensitivity and specificity exceeding 90%, and therefore it has be- 
come the noninvasive test of choice in the evaluation of patients 
with suspected bacterial overgrowth. Two recent French studies 
have demonstrated the efficacy of antibiotics (norfloxacin and 
amoxicillin-clavulanic acid) in diabetic patients with diarrhea and 
bacterial overgrowth.”™7! 

Bile acid malabsorption has also been suggested as a contribut- 
ing factor to diabetic diarrhea on the basis of a decreased bile salt 
pool. However, measuring fecal '*CO, levels after administering 
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HC glycocholate revealed that only 15% of diabetic patients with 
diarrhea had increased fecal bile acid excretion.” In addition, the 
administration of cholestyramine did not show any therapeutic ef- 
fects in the majority of patients. Therefore the role of bile acid mal- 
absorption is not clearly established and may be related to acceler- 
ated small bowel transit or bacterial overgrowth. 

Pancreatic exocrine insufficiency, abnormal colonic motility, 
anorectal dysfunction, and celiac sprue in diabetics are several 
other mechanisms that may contribute to diarrhea found in a dia- 
betic patient. In addition, consumption of dietetic foods that con- 
tain sorbitol, including sugarless chewing gum, dried roasted nuts, 
meat products, icings, toppings, dairy products, brown sugar, and 
beverages, may also result in diarrhea. This may be a confounding 
factor because many diabetics who consume sorbitol are unaware 
of its presence in the diet.** 

Management of chronic diarrhea in diabetics should initially 
be directed toward correction of the imbalance of fluids and elec- 
trolytes, control of diabetes, and restoration of nutrition, and subse- 
quently a search for an identifiable cause of the diarrhea is initi- 
ated. Small bowel bacterial overgrowth is treated with oral 
broad-spectrum antibiotics (see above), to include coverage for 
anaerobic bacteria, such as metronidazole with a quinolone or 
cephalosporin with tetracycline. Antibiotics are administered for 1 
week of every month on a rotating basis to avoid development of 
bacterial resistance. Other treatable causes of diarrhea in a diabetic 
patient are a gluten-free diet for celiac disease. pancreatic enzymes 
for pancreatic insufficiency, and biofeedback mechanisms, which 
may be effective in controlling diarrhea secondary to fecal inconti- 
nence.”* 

Often, however, the pathogenesis of diarrhea in the diabetic pa- 
tient is not clear, and treatment must be directed at alleviating the 
patient’s symptoms. Antidiarrhea] agents such as diphenoxylate, 
loperamide hydrochloride, or codeine can decrease the number of 
stools, but usually do not affect stool volume. These agents may be 
particularly effective in patients with rapid intestinal transit, but 
may consequently have adverse effects on motility in patients with 
delayed transit by promoting stasis and bacterial overgrowth. Fur- 
ther investigation with controlled studies is required in establishing 
their benefit in the management of diabetic diarrhea. 

Somatostatin and its long-acting synthetic analogue octreotide 
acetate have been shown to reduce diarthea in patients with short 
bowel syndrome, ileostomy, and tumor-induced secretory diarrhea. 
It has also been shown to be efficacious in many patients with dia- 
betic diarrhea when conventional therapies failed.’*’* Physiologi- 
cally, somatostatin inhibits stimulated water secretion, increases 
gut absorptive capacity, and suppresses both gastrointestinal hor- 
mones that produce diarrhea and counterregulatory hormones that 
promote hyperglycemia. Octreotide is administered as a subcuta- 
neous injection of 50-75 jg twice daily and may be given with in- 
sulin.” The role of newer, long-acting somatostatin analogues re- 
mains to be determined. The management of chronic diarrhea in 
diabetic patients is depicted in Table 52-2. 


Celiac Disease 


The association of type | diabetes mellitus with celiac disease has 
been reported in both children and adults. The incidence of con- 
comitant disease in children and adolescents is estimated at 4.6%,”° 
and in adults the incidence has been estimated at 1 in 1700. It is un- 
clear whether this rate applies to all racial groups.” Typing of HLA 
in patients with both celiac disease and diabetes mellitus reveals 
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TABLE 52-2. Management of Chronic Diarrhea in Diabetic 
Patients 


Concepts 
Distinguish fecal incontinence from true diarrhea 
Exclude bacterial overgrowth, infectious diarrhea, celiac sprue. sorbitol- 
containing food. 
pancreatic insufficiency 
Management 
Replace fluid and electrolytes as needed 
Steps in Treatment of Diabetic Diarrhea 
Diphenoxylate, loperamide, codeine 
Clonidine (a-adrenergic receptor antagonist) 
Somatostatin or octreotide 


that the incidence of the histocompatibility antigens HLA-B8, 
HLA-DR3, and DQW2 are significantly higher in patients with 
both diseases, and suggests a genetic predisposition to these dis- 
eases./*7? 

Diabetic diarrhea and celiac disease may have similar clinical 
manifestations. Certain clues, however, may assist in differentiat- 
ing the two disease entities. Celiac disease occurs more often in 
women, and the diarrhea often precedes clinical diabetes. Celiac 
patients often have evidence of malabsorption, weight loss, periph- 
eral edema, and bone pain, and peripheral neuropathy is often ab- 
sent. An important clue that the diarrhea in a diabetic patient may 
be due to celiac disease is a history of repeated episodes of hypo- 
glycemia when the diarrhea is troublesome. 

The diagnosis of celiac disease is made by demonstrating the 
characteristic pathology on jejunal biopsy, which typically shows 
villous atrophy with crypt hyperplasia. In addition, a clinical and 
histologic response to a gluten-free diet is required to make the di- 
agnosis. Antiendomysial antibodies more than antigliadin antibody 
determination has been shown to have high levels of sensitivity and 
specificity in the screening and follow-up of celiac disease. Treat- 
ment consists of removal of gluten from the diet and correcting any 
deficiencies caused by the absorptive defects. 


LARGE INTESTINE 


Constipation is seen in up to 60% of diabetic patients who have 
neuropathies." This probably represents an increase in frequency 
above that seen in the nondiabetic population, even though consti- 
pation is acommon complaint in the general population. With pro- 
gressive obstipation and constipation, on occasion a massive 
amount of fecal material may be found in a large atonic dilated 
colon and may simulate intestinal obstruction with fecal impaction. 
This may lead to stercoral ulcerations, the result of subsequent mu- 
cosal erosion by feces in the rectum. A study of colonic motility in 
patients with diabetes mellitus revealed abnormalities related to 
feeding in the myoelectrical and motor responses of the colon that 
correlated closely with symptoms of constipation.*”** The most 
consistent abnormality is the absence of the normal rapid increase 
in colonic spike motor activity within the first 30-minute postpran- 
dial period. The colon was found to respond to drugs that stimulate 
colonic motility, for example, metoclopramide or neostigmine, 
suggesting that neural control mechanisms were abnormal while 
colonic muscular activity remained intact.* 

Like other intestinal motor abnormalities, large bowel motility 
problems are usually seen in patients with DAN. Treatment is 


symptomatic, initially with the use of increased dietary fiber, and 
regular use of laxatives or stool softeners. Unresponsive patients 
may benefit from drugs that act at the myoneural junction or di- 
rectly on the smooth muscle, for example, metoclopramide.*”* 
Impaired anorectal function determined by anorectal manometry 
occurs in the diabetic population.** 

Its association with DAN is supported by the finding of an ab- 
normal anorectal reflex in 3 of 11 diabetic patients with DAN and 
in none of 9 diabetics without DAN. Decreased rectal sensation 
and impaired function of the external and internal sphincters have 
been suggested as causes of fecal incontinence in diabetics.” 
Biofeedback is performed by inserting a balloon in the external 
canal and having the patient squeeze, while allowing the patient to 
visualize and note the increased balloon pressure on a viewing de- 
vice. It has been utilized in an effort to lower the threshold of con- 
scious rectal sensation. Good to excellent results, characterized by 
a 75% or greater reduction in the frequency of soiling episodes, has 
been reported in 70% of diabetic patients.” Incontinence fre- 
quently coincides with the onset of diabetic diarrhea and may sim- 
ply respond to antidiarrheal therapy. According to two recent stud- 
ies, diabetes mellitus may be associated with an increased risk of 
colorectal cancer in both men and women after adjusting for other 
risk factors.***° Thus one cannot assume that a change in bowel 
habits is related to the diabetes, and therefore such changes require 
an appropriate evaluation. 


BILIARY TRACT 
Cholecystopathy 


A common feature in diabetic patients is the presence of an en- 
larged gallbladder, which may increase to three times the normal 
size. Diabetic neurogenic gallbladder has been characterized using 
ultrasonography and scintigraphy imaging techniques that evaluate 
gallbladder motility, and these studies have shown impaired gall- 
bladder contractility and emptying.***! 

Eating normally stimulates gallbladder contraction by the 
mechanisms of (1) cephalic vagal stimulation, (2) mechanical gas- 
trointestinal distension stimulating cholinergic reflexes, and (3) 
chemical interaction of food and digestive products, causing the re- 
lease of a complex array of hormones, especially cholecystokinin 
(CCK), which can modulate gallbladder motor function. DAN, a 
frequent complication of longstanding diabetes, impairs parasym- 
pathetic (vagal) regulation in the gut and other organs. Therefore it 
is not unexpected that patients with DAN have impaired gallblad- 
der motility that may relate to the severity of the neuropathy.*”? 

However, other factors may have a pathophysiologic role. 
Stone and collaborators demonstrated a decreased gallbladder 
emptying rate in patients with DAN in response to CCK. They pos- 
tulated that the gallbladder smooth muscle in diabetic patients with 
autonomic neuropathy may be less sensitive to hormonal stimula- 
tion.”! Mitsukawa and coworkers reported elevated levels of CCK 
in diabetic patients with DAN compared with controls after ingest- 
ing egg yolk,” a known stimulant of CCK release. This occurred 
despite impaired gallbladder emptying in these diabetic patients, 
and decreased responsiveness of the gallbladder wall to CCK was 
again proposed. More recently, however, Fiorucci and associates 
studied gallbladder contractility in response to either a meal or sep- 
arate cephalic or hormonal stimulation.” They found that gallblad- 
der emptying induced by an ordinary meal was comparable in 
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diabetic patients and healthy controls, and were unable to confirm 
any differences in gallbladder emptying induced by hormonal stim- 
ulation with CCK/cerulein. They demonstrated that gallbladder 
emptying in response to cephalic stimulation is abolished in dia- 
betic patients with DAN, which paralleled reductions of gastric 
acid secretion and pancreatic polypeptide release induced by vagal 
stimulation. These functional abnormalities are analogous to vago- 
tomy and atropine infusion. which may impair normal gallbladder 
contractions in response to a meal. Erythromycin may be effective 
in reducing gallbladder volume in diabetic patients.’**> However, 
treatment with metoclopramide does not improve gallbladder emp- 
tying. Obesity has been associated with an increased incidence of 
gallstones and may also reduce gallbladder emptying in healthy 
subjects. However, a recent study contradicted these earlier studies 
and found no correlation between weight and delayed gallbladder 
emptying in both healthy and diabetic subjects.” This study also 
demonstrated that the type of treatment of the diabetics, the pres- 
ence or absence of peripheral neuropathy, and the degree of dia- 
betic control do not appear to be independent risk factors for im- 
paired gallbladder contractility in diabetic patients.”! Further work 
is needed to understand these discrepancies. 


Cholelithiasis 


The presence of diabetes is often mentioned as an independent risk 
factor for the development of cholelithiasis, along with female gen- 
der, obesity, advancing age, and multiparity.”° Several autopsy stud- 
ies have reported a higher frequency of cholelithiasis in diabetic in- 
dividuals than in the general population (30.2% in diabetic patients 
compared with 11.6% in nondiabetic patients),””* although other 
reported series were not confirmatory.””'“ One survey of 641 pa- 
tients in a health maintenance organization found the incidence of 
diabetes to be nearly 30% in those with asymptomatic cholelithia- 
sis.'°' However, this observation was not corroborated in several 
subsequent population-based studies,!°?-' and comorbid condi- 
tions including type IV hyperlipidemia and obesity. also risk factors 
for gallstone formation, may confound the effect of diabetes.!°*'™ 

The pathogenic mechanism for the proposed increased risk of 
cholelithiasis in diabetes is believed to involve incomplete gall- 
bladder emptying secondary to the diabetic neurogenic gallbladder 
as well as supersaturated bile and hyperinsulinemia. One study of 
type 2 diabetic patients revealed an increase in bile supersaturated 
with cholesterol and reduced bile acid concentration, which per- 
haps predisposed these patients to cholesterol precipitation and 
stone formation. However, patients with type | diabetes had nor- 
mal bile composition. Meinders and colleagues compared bile cho- 
lesterol saturation and bile acid composition in 12 nonobese, male 
type | diabetic patients and 28 normal healthy controls, and found 
that the total bile lipid concentration in the bile-rich duodenal aspi- 
rates examined were actually lower in this diabetic population.'!° 

Hyperinsulinemia, which is frequently present with type 2 dia- 
betes, may be a factor in gallstone tormation.''' Insulin itself stim- 
ulates the enzyme hepatic hydroxymethyl glutamyl co-enzyme A 
reductase, which is the rate-limiting step in hepatic cholesterol 
biosynthesis. A case-control study demonstrated significantly 
higher fasting plasma insulin levels in diabetic patients with gall- 
stones than in diabetic patients without gallstones.'’? Also, insulin 
therapy may increase bile lithogenicity. Studies in Pima Indians 
have shown that improved glycemic control with insulin therapy 
results in a contracted bile acid pool and increased cholesterol sat- 
uration index from 114-181%.'"* 
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The management of asymptomatic gallstones is an evolvir. 
issue. Until the 1980s, prophylactic cholecystectomy was recon 
mended in all operable patients in the general population with gal 
stones because of the perceived risk of potential gallstone compl 
cations. However, several recent studies have established th: 
asymptomatic gallstones rarely lead to life-threatening complic: 
tions, and therefore the risk and expense of surgery outweigh tk 
benefit.!°!!!*''® Whether this applies specifically to the diabeti 
population has been debated. A few questions have been answere 
and many still remain. The course of treatment for diabetic patien! 
with asymptomatic gallstones requires further examination of thes 
questions. 

First we need to know if diabetic patients with silent gallstone 
are more likely to develop complications. The natural history c 
cholelithiasis in diabetes is largely unknown because no prospec 
tive cohort studies have been undertaken. However, McSherry an 
associates followed a group of 135 patients, of whom 30% had di 
abetes with asymptomatic cholelithiasis for 5 years.'°' Outcom 
data were not broken down; however, the outcome in the diabeti 
groups appeared to be no different than others in the study. Only 1 
patients developed symptoms during their follow-up period and 1 
required surgery (mean of 47 months) after diagnosis. Other stud 
ies have demonstrated that asymptomatic patients or patients wit 
nonspecific symptoms (e.g., nausea) have a favorable prognosis i: 
their natural history, and were unable to show whether the fate o 
persons with diabetes is different. Thus it seems that asymptomati 
patients with diabetes mellitus are no more likely to develop symp 
toms than the general population. 

Uncertainty remains as to whether diabetic patients with silen 
gallstones develop complications more frequently; interestingly 
the complications that arise are probably more severe than those i! 
nondiabetic patients. As one author states, “it is true that when th: 
silent gallstone speaks in the diabetic, it is usually with a loqua 
cious roar.”''* Rabinowitch first suggested that diabetic patient 
who develop cholecystitis do worse than nondiabetic patients be 
cause of the high risk of infection-related complications o 
cholelithiasis.''” Indeed, diabetic patients have a higher suscepti 
bility to infection, secondary to defects in host-defense mecha 
nisms, including abnormal neutrophil chemotaxis, phagocytosis 
and bactericidal activity, as well as depressed cell-mediated immu 
nity. Earlier studies reported a 22% incidence of severe gallbladde: 
disease (hydrops, perforation, and empyema),''® and others con: 
curred, noting a 20-40% rate of advanced inflammation among di- 
abetic patients presenting with acute cholecystitis." !”!'?! One re 
view of patients with perforation complicating acute cholecystiti: 
found that 16-25% of the subjects had diabetes.'?* Older age anc 
presence of atherosclerosis were risk factors for perforation. Also 
emphysematous cholecystitis is more common in diabetes, and oc- 
curs in up to one-third of reported cases. The course of this form o: 
acute cholecystitis is more severe and has been associated with ¿ 
30-fold increase of gangrene and a threefold increase of both per. 
foration and death.'** The gas-forming organisms implicated in it: 
pathogenesis include Clostridium welchii, which is cultured mos 
often, as well as anaerobic streptococci, Escherichia coli, Staphy. 
lococcus aureus, Pseudomonas, and Klebsiella. 

In the past, diabetic patients with silent gallstones were ad 
vised to have cholecystectomy because of the belief that infectiou: 
and inflammatory complications were more likely to develop, witt 
subsequent higher morbidity and mortality rates. In the 1960s twc 
reports supported this suspicion. Turill and collaborators, at Lo: 
Angeles County Hospital, found the mortality rate to be fivefolc 
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higher in diabetic than in nondiabetic patients, with deaths occur- 
ring almost exclusively in patients admitted with complicated 
cholelithiasis undergoing emergent surgery.!™ Advancing age was 
also a factor because diabetic patients in their fifth and sixth 
decades of life, undergoing emergency surgery for complicated 
cholelithiasis, had a 20-fold greater mortality than for nondiabetic 
patients. In 1962, Mundth compared diabetic and nondiabetic pa- 
tients operated on for gallstones over a 15-year period'™* and found 
higher mortality and morbidity in diabetic patients operated on for 
complicated cholelithiasis, but not in those undergoing elective 
surgery. Thus oral cholecystography was performed in diabetic pa- 
tients as a screening measure for gallstones, and early prophylactic 
cholecystectomy was then performed in all diabetic patients having 
no surgical contraindications. 

The existence of comorbid conditions rather than diabetes as a 
single risk factor may be a more important predictor of outcome. 
Haff and coworkers studied 1000 consecutive patients who under- 
went biliary tract surgery to identify factors that influenced mor- 
bidity.'*° Diabetic patients had more complications than nondia- 
betic patients, but these differences vanished when the data were 
corrected for the presence of cardiovascular disease and other asso- 
ciated illnesses. Later, Walsh and associates demonstrated that 
rates of death among diabetic patients and nondiabetic patients un- 
dergoing biliary tract surgery were nearly identical.'*° The authors 
attributed this to advances in antibiotic therapy and postoperative 
hemodynamic monitoring. The presence of renal and vascular oc- 
clusive disease were the two major determinants of postoperative 
morbidity. In 1988, however, Hickman and colleagues studied the 
influence of diabetes on morbidity and mortality of patients under- 
going surgery for acute cholecystitis, and found that infectious 
complications occurred threefold more often in diabetic patients 
than in nondiabetic controls, and all deaths (4.2%) occurred in dia- 
betic patients as a result of sepsis.” Concurrent medical disease 
was more common in diabetic patients than in nondiabetic patients, 
but did not account for all of the increased morbidity. Ransohoff 
and associates reviewed the course of acute cholecystitis between 
1960 and 1981 in 311 patients.'* Death occurred in 3 of 46 pa- 
tients with diabetes and | of 263 without diabetes. The difference 
was not statistically significant. In contrast, patients in this study 
who had azotemia were found to have a markedly higher mortality 
rate compared with patients without azotemia (27% compared with 
2%).'*® These data support the importance of comorbid diseases 
and imply that complications of renal or vascular disease are more 
important in escalating the risk of morbidity and mortality in pa- 
tients with biliary tract disease than is diabetes alone. 

Friedman and coworkers used decision analysis to assess 
whether diabetic patients with asymptomatic gallstones should 
have expectant management or prophylactic cholecystectomy.'*° 
Three variables were studied as to their influence on the optimal 
choice of therapy: the rate at which diabetic patients develop symp- 
toms, the probability of requiring emergency surgery once sympto- 
matic, and the mortality rate during emergency surgery. Their con- 
clusion favored expectant management over prophylactic 
cholecystectomy in diabetic patients with asymptomatic gall- 
stones.” However, estimates of these variables in some cases were 
only educated guesses since true data on the natural history of dia- 
betic patients with gallstones are scarce. 

Laparoscopic cholecystectomy has now become the procedure 
of choice as it shortens hospital stay and may reduce the cost of 
surgery. Less than 5% of patients will require conversion to the 
standard open cholecystectomy for technical reasons." The mor- 


tality associated with laparoscopic cholecystectomy in the 1990s 
(0—0.1%) was less than the mortality associated with open chole- 
cystectomy (0.17-1.80%) in the 1980s. The incidence of common 
duct injury associated with laparoscopic cholecystectomy was 
higher in the 1990s than in the 1980s, when open cholecystectomy 
was widely used.'?!"'"** As surgeons become more experienced 
with laparoscopy, the morbidity associated with the procedure 
should decrease. 

Other therapeutic options are available for patients who are 
poor operative candidates or who refuse surgery. These include dis- 
solution therapy with oral bile salts or extracorporeal shock-wave 
lithotripsy. Only a small subset of patients with symptomatic gall- 
stones are appropriate candidates for these therapies. Candidates 
for treatment with bile salts include those with noncalcified choles- 
terol gallstones and a patent cystic duct. The composition of stones 
can be determined indirectly by oral cholecystography or ultra- 
sound. Small stones that appear to float on an oral cholecystograph 
are mostly cholesterol, and are more likely to dissolve with oral 
therapy. Success rates for stone dissolution are about 60% for those 
patients who meet optimal criteria. However, successful dissolu- 
tion of 30% is more typical, and gallstones frequently recur after 
bile salt therapy is stopped.'*© In one study of 40 patients who were 
followed to complete dissolution of their gallstones, 43% had stone 
recurrence after 4 years, but only 49% had recurrence when ob- 
served after 11 years." 

Extracorporeal biliary lithotripsy uses high-amplitude sound 
waves that can fragment gallstones but pass through most soft tis- 
sue without harm. A functioning gallbladder is essential to allow 
emptying of the fragments into the common bile duct and subse- 
quently into the small intestine. Success rates for this therapy de- 
pend on (1) stone characteristics of size, number, and composition; 
(2) energy and number of shock waves administered; (3) use of ad- 
juvant bile acid therapy; and (4) gallbladder emptying.” 


LIVER 


Diabetes Mellitus and Liver Disease 
Glycogen-Laden Hepatomegaly 


Diabetes mellitus is associated with an increased frequency 
and variety of hepatic histopathologic lesions. A common lesion is 
an increase in liver glycogen demonstrated both at autopsy and in 
biopsy material (Fig. 52-3). This accumulation of glycogen pro- 
duces a clear appearance in the cytoplasm and vacuolization of the 
hepatocyte nuclei.'*” It has been reported in up to 80% of both type 
1 and type 2 diabetic patients. Increased glycogen infiltration ap- 
pears to be associated with treatment with large amounts of insulin, 
particularly in young, brittle diabetic patients. This process re- 
solves with reduction of insulin levels.'“° 


Fatty Liver 

The accumulation of triglycerides in the liver of diabetic pa- 
tients may result in steatosis. Fatty liver is especially prevalent in 
patients with type 2 diabetes, particularly in the presence of obe- 
sity. Approximately 50% of obese type 2 diabetics will have 
biopsy-proven excess fat in their liver.'*' In T1DM, fatty liver is 
usually found in the setting of inadequate diabetic control '*? and is 
one-tenth as frequent as in T2DM. The pathophysiologic basis for 
the development of diabetic fatty liver is poorly understood. Accu- 
mulation of fat as intracellular lipid occurs because the rate of 
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FIGURE 52-3. Liver bio 
fatty metamorphosis (steatosis) (black arrow). 


triglyceride synthesis exceeds the liver’s capacity to secrete newly 
formed triglyceride as very low density lipoprotein (VLDL).'*° 

In TIDM, fat deposition may result from insulin deficiency 
and hyperglycemia, both of which enhance the release of free fatty 
acids from adipose tissue. This provides substrate for hepatic 
triglyceride synthesis. In addition, low insulin levels may lead to 
reduced triglyceride secretion by the liver. 

In T2DM, fatty liver appears to be a manifestation of obesity 
and insulin resistance rather than hyperglycemia and insulin defi- 
ciency. The greater dietary intake of fats and carbohydrates and 
portal hyperinsulinemia lead to increased synthesis of hepatic 
triglycerides at a rate that exceeds the liver’s capacity to secrete 
newly formed VLDL. Reducing caloric intake or dietary intake of 
carbohydrates can reverse the fat deposition. "+ 

Clinically, steatosis in diabetic patients leads to hepatomegaly, 
and occasionally tenderness to palpation in TIDM. Liver bio- 
chemistries are often normal or minimally elevated. Findings on 
liver biopsy include large cytoplasmic fat globules that displace the 
cell nucleus by light microscopy and abnormal mitochondria and 
displacement of organelles by fat globules on electron microscopy. 

A controversial issue has been whether associated obesity 
rather than diabetes accounts for the fatty infiltration. Observations 
support the former because (1) similar hepatic histologic changes 
are seen in nondiabetic obese patients, (2) fatty liver is ten times 
more frequent in T2DM, where obesity is common, and (3) steato- 
sis in diabetic patients may regress with weight reduction. +! 


Cirrhosis 

Diabetes mellitus is also associated with cirrhosis of the liver. 
Recent data suggest that steatosis alone can progress directly to cir- 
rhosis. Diabetic patients with steatosis may have intracytoplasmic 
hyaline and centrilobular fibrosis by light microscopy, and collagen 
bundles lining the space of Disse by electron microscopy.'** These 
changes may represent the initial fibrotic steps leading to a cir- 
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psy in a type 2 diabetic patient demonstrating glycogen deposition (white arrow) and 


rhotic liver. A recent study found that T2DM was significa 
more common in cryptogenic cirrhotic patients and nonalcohi 
steatohepatitis (NASH) patients than cirrhotic patients with | 
mary biliary cirrhosis (PBC) or hepatitis C. The authors sugg 
that NASH may be a cause of cryptogenic cirrhosis. A recent sti 
published by the Mayo Clinic found that older age, obesity, < 
betes mellitus, and an AST: ALT ratio greater than I were good p 
dictors of significant liver fibrosis (bridging/cirrhosis) in patie 
with NASH.” 

Conversely, established liver disease from any cause may li 
to glucose intolerance. Carbohydrate intolerance is seen in appr 
imately 50% of patients with liver disease and 80% of patients w 
cirthosis.''! This is suggested to be secondary to impaired bind 
and degradation of insulin by the liver due to a reduced first-p 
effect." However, glucose intolerance also occurs in cases of li 
disease with low insulin levels. The carbohydrate intolerance 
most likely due to a multitude of biochemical and physiologic 
rangements that accompany liver disease, including port 
systemic shunting of glucose, elevated glucagon'*™'™ and grov 
hormone'™ levels, peripheral and hepatic resistance to insu 
malnutrition, elevated levels of free fatty acids, and | 
pokalemia.''* 


Hepatitis 

A diabetic patient is at increased risk for developing viral h 
atitis (B and C) with a rate 2—4 times that of a control pop 
tion. One study demonstrated an increased HBsAg in diabe! 
subjects compared with age- and sex-matched controls.'** Lik 
factors include frequent hospital exposures'*° and perhaps an 
creased susceptibility to infection. Previously, the high incide: 
of hepatitis in diabetes was attributed to frequent needle sticks, 
with the advent of sterile disposable syringes, this no longer 
mains a valid postulate. Furthermore, several retrospective stud 
have shown a stronger association between hepatitis C infect 
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and diabetes mellitus when compared with other types of hepati- 
tis.'°”"'™ About 20% of patients with hepatitis C cirrhosis have di- 
abetes mellitus, compared with only about 9% of patients with hep- 
atitis B cirthosis.'"® Others, however, have not found this 
association between hepatitis C infection and diabetes [AQ 
14]mellitus.'*' Alfa-interferon therapy should be administered with 
caution in patients with diabetes mellitus. It has been reported that 
10% of patients with hepatitis developed insulin autoantibodies 
after 6 weeks of therapy with INFa.'®? On the other hand, two large 
studies that examined the adverse effects of INFa in patients with 
chronic viral hepatitis found that less than 1% develop clinical dia- 
betes mellitus.'°!® A recent study observed improved glucose 
tolerance in patients with chronic hepatitis treated with INFa, re- 
gardless of whether they had a previous history of diabetes or 
not. 

The treatment of diabetic patients with oral hypoglycemic 
agents also may increase the risk of hepatic dysfunction. The sul- 
fonylureas (chlorpropamide, tolazide, tolbutamide, and acetohexa- 
mide) have each rarely been associated with jaundice. The highest 
reported incidence occurs with chlorpropamide, at a rate of 0.5- 
1.0%.'® The toxic effect is usually cholestasis, but hepatocellular 
injury or a mixed picture are occasionally seen.'® Less frequently, 
hepatocellular necrosis can occur secondary to a hypersensitivity 
reaction to the central sulfonyl group, which acts as the antigenic 
stimulus. Rarely, the formation of granulomatous liver disease has 
been attributed to these agents.'® 


Hemochromatosis 

The association between hemochromatosis and diabetes melli- 
tus was first clinically recognized by Trosier in 1871,’ and later 
the term “bronze diabetes” was coined by Hanot and 
Schachmann.'® This disorder of iron metabolism has a high inci- 
dence of concomitant diabetes, with a rate of 75%, according to 
Saudek!™ (rates in other series range from 14-91%). Different 
pathogenetic mechanisms have been proposed, and two deserve 
particular attention.'”! 

Theoretically, extensive iron deposits in the pancreas can result 
in diabetes. Support rests on pathologic changes in the pancreas 
with extensive hemosiderin deposits in nearly all cases in which 
hepatic iron deposition is also noted.'”! In addition, other second- 
ary causes of iron overload such as thalassemia and excessive 
blood transfusions are associated with glucose intolerance or dia- 
betes.'""'”? Third, the glucose intolerance observed with he- 
mochromatosis may improve with phlebotomy.'”? However, it is 
likely that the development of diabetes is not solely due to pancre- 
atic damage, because other forms of liver disease and cirrhosis are 
associated with glucose intolerance. Moreover, secondary causes 
of iron overload have been reported to produce insulin resistance 
that has been attributed to iron deposition in peripheral tissues. 
Data suggest that the carbohydrate intolerance results from a com- 
bination of iron overload in the liver and pancreas. 

It has also been suggested that the association between dia- 
betes mellitus and hemochromatosis is that they are genetically 
linked or that subclinical diabetes is exaggerated by hemochro- 
matosis. This was first suggested by Balcerzak and coworkers, who 
studied five separate families with hemochromatosis." Oral glu- 
cose tolerance, quantification of iron stores, and measurement of 
insulin levels was performed in 30 relatives of each of the five 
cases. They concluded that the association between these diseases 
was not due to iron overload, based on these observations: (1) dia- 


betes mellitus occurred in 47% of family members with normal 
iron stores, (2) there was poor correlation between the amount of 
iron deposition and the presence of diabetes, (3) glucose intoler- 
ance appeared in family members despite adequate therapy for the 
hemochromatosis. '*°!”4 No correlation with HLA haplotypes be- 
tween these diseases has been found.’ However, some studies 
have shown a higher prevalence of the C282Y mutation of the he- 
mochromatosis gene in patients with T2DM. 


PANCREAS 


Abnormalities of pancreatic exocrine secretion are seen commonly 
in diabetic patients. The abnormalities of secretion include de- 
creased volume and amylase content, and at times reduced bicar- 
bonate content. These abnormalities, which are usually not clini- 
cally apparent, may be due to vagal neuropathy, deficient 
stimulation by insulin, or inhibition by glucagon. Although patients 
with diabetes mellitus frequently have a 50-60% reduction in bi- 
carbonate and enzyme secretion, this deficiency does not result in 
steatorthea, nor is it likely to play a role in diabetic diarrhea." 


Acute Pancreatitis 


Individuals with diabetes are at increased risk for acute pancreati- 
tis. The damage appears to result from hypertriglyceridemia and/or 
vascular lesions in the diabetic pancreas. Acute pancreatitis may be 
lethal if it is associated with diabetic ketoacidosis because of a pre- 
disposition to hypovolemic shock.'”© 

Acute pancreatitis in nondiabetic individuals often results in 
transient hyperglycemia and may induce glucose intolerance. Only 
rarely is there a progression to permanent diabetes. However, 21- 
26% of patients with acute necrotizing pancreatitis subsequently 
develop diabetes,'’’ and 66-100% of those who undergo partial 
pancreatectomy develop diabetes. Hyperamylasemia occurs in up 
to 80% of patients with diabetic ketoacidosis. Its origin is purely 
pancreatic in only half of the cases and there is no correlation be- 
tween the presence, degree, or type of amylase and gastrointestinal 
symptoms that occur with diabetic ketoacidosis.'”* Acidosis from 
any cause may result in nonpancreatic amylase elevation. 


Chronic Pancreatitis 


Pancreatic exocrine function is diminished in a high percentage of 
patients with diabetes mellitus, especially in patients with 
TIDM.’” In addition, low levels of pancreatic lipase and im- 
munoreactive trypsin have been found in T1DM.'*° Nakanishi and 
associates compared pancreatic duct morphology via endoscopic 
retrograde pancreatography in 43 patients with T1DM to that in 
334 patients with T2DM.'*' They found that 40% of type 1 and 
26% of type 2 diabetic patients had abnormal pancreatograms. A 
particularly high prevalence of ductal abnormalities was found in 
those who had slowly progressive TIDM. Pancreatic histopatho- 
logic analysis in patients with T1DM showed atrophy of exocrine 
pancreatic cells and infiltration with CD8 T lymphocytes.'*! In 
summary, there is increasing evidence of both structural and func- 
tional pancreatic exocrine abnormalities in T1DM. 

The causes of pancreatic exocrine dysfunction in diabetes re- 
main unknown. It has been postulated that the absence of the local 
trophic effects of insulin may cause this phenomenon. Diabetic mi- 
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croangiopathy could be a causative factor in diabetic pancreatic ex- 
ocrine dysfunction, but investigations have found no correlation 
between pancreatic ductal changes and the extent of vascular ab- 
normalities.'*! Interestingly, patients with diabetes may have au- 
toantibodies to pancreatic cytokeratin, which is found in both the 
exocrine and endocrine pancreas, suggesting a possible immuno- 
logic pathogenesis.'*! 

Conversely, chronic pancreatitis frequently results in glucose 
intolerance or overt diabetes. In Western societies, alcoholic 
chronic pancreatitis accounts for 0.5% of all diabetes. This results 
in sclerosis of the pancreatic islets and impaired insulin secretory 
response. '® The typical patient with pancreatic diabetes gives a 
history of alcohol overindulgence for 5-15 years, followed by re- 
current episodes of abdominal pain, and then by the appearance of 
diabetes, steatorrhea, or both, generally 1-20 years later. Patients 
with diabetes secondary to chronic pancreatitis often are very sen- 
sitive to insulin and therefore may be more susceptible to severe 
hypoglycemia.’ Higher caloric intake is generally required be- 
cause of the frequent finding of weight loss, due to malabsorption 
from associated pancreatic exocrine insufficiency. Therapeutically, 
these patients generally require pancreatic enzyme replacement as 
well. 


Cystic Fibrosis 


Cystic fibrosis is an autosomal recessive disorder that is linked to a 
gene found on chromosome 7.'** Moderate to severe glucose intol- 
erance occurs in approximately 40-50% of patients with cystic fi- 
brosis, and virtually all cystic fibrosis patients have a diminished 
insulin secretory response. '® The glucose intolerance appears to 
be a consequence of anatomic disorganization of the islets of 
Langerhans produced by pancreatic fibrosis. Additionally, studies 
have shown that patients with diabetes secondary to cystic fibrosis 
have predominantly pancreatic fibrosis as opposed to the replace- 
ment with adipose tissue seen in nondiabetic cystic fibrosis.'*° 


Pancreatic Carcinoma 


There appears to be an increased association between diabetes mel- 
litus and carcinoma of the pancreas. It is not clear whether there is 
an increased risk of pancreatic carcinoma in patients with diabetes 
or whether the early diabetic manifestations are the result of an un- 
diagnosed pancreatic tumor. Ishikawa and coworkers found a sig- 
nificantly higher incidence of hyperplastic and well-differentiated 
neoplastic changes of the pancreatic duct in patients with diabetes 
for greater than 2 years, and suggested that diabetes mellitus could 
be a cofactor for pancreatic carcinogenesis.'*° A recent Italian 
study found that of 720 patients with pancreatic cancer, 22% had 
diabetes, compared with only 8% of 720 matched controls.'*’ 
However, when only patients with diabetes of 3 or more years’ du- 
ration were considered, there was no significant difference between 
the groups. The study concludes that diabetes is not a risk factor for 
pancreatic cancer. A clue to the diagnoses of pancreatic carcinoma 
in a diabetic patient is the onset of weight loss and deterioration of 
glycemic control. Carbohydrate intolerance may manifest before 
the emergence of symptoms of pancreatic malignancy. Therefore 
pancreatic malignancy should be considered when poorly con- 
trolled diabetes develops in a thin, middle-aged, or elderly individ- 
ual, particularly in the absence of a family history of diabetes, re- 
gardless of whether unexplained systemic symptoms coexist. 
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SUMMARY 


This chapter has reviewed the relationships between diabetes mel- 
litus and the gastrointestinal system. The protean manifestations of 
diabetes often eventuate in gastrointestinal problems, principally as 
a consequence of autonomic visceral neuropathy. The mechanisms, 
clinical presentations, and treatment strategies for each of these 
have been explored. In addition, those disorders of the gastroin- 
testinal system that have a special relationship with diabetes were 
discussed. The physiologic and possible pathophysiologic relation- 
ships between gastrointestinal hormones and islet cell function are 
explored in Chaps. 4 and 6. 
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CHAPTER 53 


Diabetes and the Skin 


John Olerud 


The skin is the largest organ of the body, and it is readily available 
for inspection and scientific study. Small wonder there have been 
so many clinical and scientific studies related to the skin in patients 
with diabetes. The skin is affected in one way or another in essen- 
tially 100% of diabetic patients. Dysregulation of glucose, insulin, 
and lipids leads directly to physical signs in the skin of patients 
with diabetes. 

Chronically elevated blood sugar results in nonenzymatic gly- 
cosylation (NEG) of cutaneous proteins, which eventually leads to 
irreversible advanced glycation end-products (AGEs; see Chap. 
13).' AGEs have been proposed as the mechanism for clinical phe- 
nomena such as thickened skin and scleroderma-like changes seen 
in patients with diabetes,” as well as limited joint mobility (LJM).’ 
Structural proteins, such as collagen, that have undergone NEG be- 
come insoluble and resistant to degradation.’ Certain AGEs are 
clearly related to glycemic control, whereas others change with age 
as well as with glycemic control. "45 It is encouraging to note that 
intensive insulin therapy for patients in the Diabetes Control and 
Complication Trial (DCCT) resulted in lower levels of skin colla- 
gen AGEs in parallel with reduction in HbA,,, as well as with re- 
duction in the risk of retinopathy, nephropathy, and neuropathy.® 

Normal activities of insulin and lipoprotein lipase are neces- 
sary for normal production and catabolism of certain plasma lipids, 
particularly very-low-density lipoproteins (VLDLs). Diabetes is 
the most common cause of severe hypertriglyceridemia’ (see Chap. 
47). Some individuals with insulin resistance and insufficient levels 
of insulin have high levels of serum triglycerides with cutaneous 
xanthomas, particularly the clinica! variant known as eruptive xan- 
thomas. On the other hand, individuals with insulin resistance and 
hyperinsulinemia may have the clinical manifestations of acantho- 
sis nigricans. 

In addition to these biochemical and endocrine influences on 
the skin, there are profound changes in cutaneous structure and 
function in diabetes based on abnormalities of nerves and blood 
vessels. Structural studies document that cutaneous sensory inner- 
vation is diminished in patients with diabetes compared with con- 
trols and even further diminished in diabetic patients with measura- 
ble neuropathy.” The most striking reduction in sensory innervation 
occurs in the epidermis.’ These observations have been docu- 
mented by functional studies as well.'° There is a growing body of 
evidence that nerves and neuropeptides may be important for nor- 
mal immune function'! as well as for normal tissue repair.'*"'* Poor 
tissue repair and infections are contributing factors to skin ulcers. It 
has been documented that nonhealing ulcers are the most frequent 
proximal cause of amputation, which, as one would predict, is more 
common in patients with diabetic neuropathy. '*!® 


The cutaneous microvasculature likewise shows both structural 
and functional abnormalities and contributes to development of 
lower extremity ulcers. Structural abnormalities of blood vessels 
include (1) an increase in the overall thickness of the walls of the 
microvessels,’ (2) an increased number of gaps between endothe- 
lial cells and pericytes in postcapillary venules,'* (3) homogeneous 
basement membrane thickening (BMT) between endothelial cells 
and pericytes of dermal microvessels,'*"'? and (4) an increase in size 
and number of the periadventitial fibroblast-like cells (veil cells). 

Functional abnormalities of the diabetic microvasculature in- 
clude (1) increased permeability,?! increased baseline capillar, 
pressure,” and decreased capillary peak blood flow following ar- 
terial occlusion”’; (2) a normal resting blood flow to capillaries in 
dorsal fingers and toes, but a decreased response to heat-induced 
hyperemia”“; and (3) an increased resting cutaneous blood flow 
in the legs and feet of diabetic patients with neuropathy, but a 
deficiency in the normal hyperemic response to heating.*>° The 
defective hyperemic response was greater on the legs than arms 
and correlated with duration of diabetes, retinopathy, and protein- 
uria.”° Taken together, the observations regarding functional changes 
of the microvasculature in diabetes show the vessels to be “leakier,” 
less constricted by the sympathetic nervous system at baseline, and 
less able to respond maximally to thermal and hypoxemic stress. 
The lower extremities generally are more affected than upper 
extremities. 

In this chapter, we review the current literature regarding con- 
ditions that appear to be directly linked to the endocrine, vascular, 
neurologic, and immunologic impairment seen in diabetes mellitus 
(DM). These conditions include ulcers, acanthosis nigricans, dia- 
betic thick skin, cutaneous infections, and cutaneous xanthomas. A 
number of other clinical conditions associated with diabetes will be 
reviewed, although the pathobiology of the disorders remains un- 
clear. These include necrobiosis lipoidica, granuloma annulare, di- 
abetic dermopathy, bullosis diabeticorum, and acquired perforating 
dermatosis. Glucagonoma and complications of insulin injection 
are reviewed as well because of their special importance in the 
management of diabetic patients. 


DIABETIC ULCERS 


Without question, the most important skin lesions in diabetic pa- 
tients are lower extremity ulcers. Lower extremity ulcers cost the 
Medicare system $1.5 billion in 1995 (see Chap. 51).”” Pecoraro and 
coworkers noted that ulcers were the proximal cause of amputation 
in 67 of 80 (84%) diabetic patients hospitalized for amputation. '* 
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The annual incidence of foot ulcers was nearly 2% in a retro- 
spective cohort study of 8905 patients with diabetes in a health 
maintenance organization,” It has been estimated that 15-24% of 
diabetic patients with foot ulcers will eventually undergo amputa- 
tion.” A publication by the Centers for Disease Control (CDC) 
suggests that the vast majority (up to 85%) of lower extremity am- 
putations are preventable.”? Despite efforts directed at prevention, 
the rate of amputation in patients with DM continues to rise.” This 
poor result is related in part to the underuse of recommended pre- 
ventive care practices among patients with DM.” 

The etiology of diabetic ulcers is multifactorial.*' In a study by 
Reiber and colleagues,*' neuropathy, minor foot trauma, and foot 
deformity were the commonest causal pathways for lower extrem- 
ity ulceration, but edema, ischemia, and callus formation were also 
important contributors. In addition, factors that contribute to lower 
extremity ulcers in diabetic patients are the same as in patients 
without diabetes, for example, venous insufficiency, stasis dermati- 
tis, and infection. Occasionally, diabetic patients get ulcerations 
from conditions associated with diabetes, such as necrobiosis 
lipoidica and bullosis diabeticorum, When patients with diabetes 
develop ulcers, healing may be compromised by some of the bio- 
chemical, endocrine, neurologic, and microvascular factors dis- 
cussed above. Nonenzymatic glycosylation (NEG) may affect the 
function of regulatory or matrix proteins and cells necessary for 
normal tissue repair,” > 

Vasculopathy is a major factor in the pathogenesis of diabetic 
ulcers. The greatest risk factor for amputation in a study by Reiber 
and associates'® was low cutaneous blood flow as measured by 
(transcutaneous oxygen pressure (TcPo2). There was a 16-fold ex- 
cess risk of amputation if the TcPo, was below 20 mm Hg. Like- 
wise, when Pecoraro and coworkers assessed risk factors associ- 
ated with failure of ulcers to heal, they found that the most 
important predictors of nonhealing were low TcPo, and high 
TeCo, in the skin adjacent to the ulcers, In ulcers that healed di- 
rectly, the mean time to reepithelialization was 89 days despite 
aggressive outpatient management, including weekly or biweekly 
visits for debridement by an experienced ulcer care team.*® 

Sensory neuropathy is also a major factor associated with dia- 
betic ulcers?! and lower extremity amputation?” (see Chap. 45). The 
prevalence of symptomatic sensory neuropathy is 30-40% in dia- 
betic paŭents compared to about 10% in the nondiabetic popula- 
tion.™ A case-control study by Reiber and collaborators, to assess 
risk factors for amputation, showed that diabetic patients lacking 
vibratory sensation had a 15.5-fold excess risk of amputation com- 
pared to diabetic patients with intact vibratory sense.'® Clinical ex- 
amination and the use of a 5.07 Semmes-Weinstein filament were 
the most sensitive tests in identifying patients at risk for foot ulcer- 
ation in a large prospective multicenter trial.” The combination of 
neuropathy and limited joint mobility was found to be the most im- 
portant etiologic factor for foot ulcers occurring on high-pressure 
(friction) areas of patients with diabetes*”*! (Fig. 53-1). It undoubt- 
edly relates to unperceived trauma such as blisters and ingrown 
toenails, but it may also relate in part to diminished influences of 
neuropeptides on skin immunity and tissue repair. Ulcers heal very 
slowly in diabetic patients with neuropathy. Only approximately 
31% of 349 patients with diabetic neuropathic foot ulcers receiving 
standard treatment healed in 20 weeks.” 

Management of lower extremity ulcers requires modification of 
contributing factors. For example, if stasis dermatitis is present, it 
should be treated with topical steroids on the skin adjacent to the ul- 
cers. Edema control is essenual. Peripheral edema was a significant 


FIGURE 53-1. Diabetic ulcer on an insensate plantar surface. Debridement 
was done without anaesthesia. 


causal factor in the pathway leading to lower extremity ulceration”! 
and was associated with amputations in 58% of diabetic patients un- 
dergoing amputation in a large series from Sweden.” It has also 
been shown that TcPo, may improve significantly when leg edema 
is treated.” This may be accomplished by bedrest, leg elevation, 
sodium restriction, or appropriately used diuretics. Unna boots, ace 
wraps, compression stockings, and even contact casting may be use- 
ful if severe arterial insufficiency does not preclude these interven- 
tions. Treatment of underlying local soft tissue infection is impor- 
tant. Approximately 15% of diabetic patients with lower extremity 
ulcers develop osteomyelitis.” Osteomyelitis should be suspected 
in deep or chronically draining ulcers, particularly if bone is 
exposed. In a study emphasizing decision and cost-effectiveness 
analysis, it was suggested that diabetic patients with suspected os- 
teomyelitis from 4 foot ulcer (without systemic toxicity) might re- 
ceive a 10-week course of culture-guided antibiotics followed by 
surgical debridement without obtaining noninvasive imaging stud- 
ies.** Mechanical protection for neuropathic extremities is another 
key element in therapy of diabetic ulcers. This topic is reviewed in 
detail in Chap. 51. 

Trials of growth-promoting factors and skin equivalents have 
been under investigation to enhance diabetic ulcer healing. 
Data on treatment for diabetic ulcers were reviewed at an inter- 
national Consensus Development Conference on Diabetic Foot 
Wound Care in Boston, Massachusetts.”” It was concluded that new 
technologies for the topical treatment of diabetic foot ulcers show 
“modest benefit” if used with adequate off-loading, debridement, 
and control of infection. LoGerto and associates advocate the ex- 
panded role of arterial reconstruction for severe diabetic ulceration 
and gangrene, especially vein bypass grafts to the dorsalis pedis 
artery (see Chup. 50).°° Specialized ulcer care teams in outpatient 
departments have produced impressive results in the prevention 
and management of lower extremity ulcers as well as the preven- 
tion of amputations.*'~* This team approach to ulcer management 
will become increasingly important as life expectancy for diabetic 
patients as well as the general population continues to increase. 

Without question, the most important ulcer interventions by 
physicians and other health care professionals are in the area of 
prevention, These interventions can be summarized as follows: 


l. Implement formal outpatient education that includes teaching 
daily foot inspection. particularly for neuropathic patients. 
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2. 


Advise careful selection of footwear that is not rigid or con- 
stricting in design or requiring a break-in period. Ill-fitting 
shoes or socks were the most common reasons for foot ulcers 
in a study of 314 diabetic patients with ulcers.** Issuing sports 
shoes to a group of diabetic patients as an experimental vari- 
able resulted in a measurable reduction of calluses.** Calluses 
are a sign of excess friction and are often associated with foot 
ulcers. 

Advise patients to inspect shoes for foreign bodies before put- 
ting them on and to avoid walking barefoot. Figure 53-2 graph- 
ically demonstrates problems that can be encountered by pa- 
tients with insensate feet walking barefoot. 

Seek early health care attention for calluses, blisters, ingrown 
toenails, dermatitis, or athlete’s foot. 

Personally inspect the feet of diabetic patients at each visit. 
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6. Advise patients with a history of ulceration that they are at 
high risk for reulceration (34% at 1 year, 61% at 3 years, and 
70% at 5 years).* Redouble education and prevention efforts 
in this group. Lifelong surveillance is required. 


ACANTHOSIS NIGRICANS 


Acanthosis nigricans (AN) is a skin disorder that in most cases is a 
marker for hyperinsulinemia and insulin resistance.” The clinical 
features include a velvety, warty hyperkeratosis, which is black or 
gray-brown in color, observed on the back and sides of the neck, 
the axillae, the anogenital region, and other skin folds (Fig. 53-3). 
The neck is the most consistently affected area? and it is also the 
most reliable area for quantification of AN.% AN was previously 


FIGURE 53-2. A. Nodule on the foot of a diabetic patient with sensory neuropathy. B. X-ray showing a needle in 
the foot that the patient acquired painlessly while walking barefoot. 
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FIGURE 53-3. Acanthosis nigricans on the neck of a black woman with 
TIDM. 


thought to be uncommon or a marker for malignancy, but more re- 
cent studies have shown it to be common in certain subpopulations. 
AN has been observed, for example, with a prevalence of 74% in 
obese adults,” 66% in primary school children weighing 200% of 
ideal body weight (IBW), and 27% in children weighing 120% of 
IBW.*' An overall prevalence of 7.1% was observed for AN in 
1412 unselected primary school children, with 0.5% affected in 
Caucasian children, 5% in Hispanics, and 13% in African- 
Americans.®' These differences among ethnic groups have been 
emphasized.*” In selected subpopulations of Native Americans the 
prevalence of AN is 40%.*’ The prevalence of type 2 diabetes mel- 
litus (T2DM) in this subpopulation of Native Americans with AN 
is 50% in individuals above the age of 40. AN has also been shown 
to be a risk factor for development of T2DM in a prospective longi- 
tudinal study. AN is strongly correlated with hyperinsulinemia,” 
and hyperinsulinemia has been demonstrated to be an independent 
risk factor for the development of ischemic heart disease. Some 
investigators have recommended that AN be used as an inexpensive 
surrogate marker for hyperinsulinemia to identify children and 
adolescents with a future risk of T2DM and ischemic cardiovascu- 
lar disease." 

In conditions of insulin resistance and hyperinsulinemia, ex- 
cess binding of insulin to insulin-like growth factor (IGF-1) recep- 
tors has been proposed as a mechanism for AN as well as for 
androgen excess.*”* It is known that high concentrations of 
insulin stimulate DNA synthesis and cell proliferation in vitro 
through the IGF-1 receptor in fibroblasts,"’ and that keratinocytes 
have IGF-1 receptors as well.™ Ovarian cells capable of steroido- 
genesis have likewise been shown to possess IGF-1 receptors.” 
Molecular biology has been used to identify a number of specific 
mutations in the insulin receptor gene in patients with AN and type 
A insulin resistance. These patients have both severe insulin 
resistance and hyperandrogenemia. 

Earlier authors have emphasized the relationship between AN 
and malignancy.” However, the frequency of AN and its lack of 
specificity for malignancy suggests that when history and physical 
examination are negative, an extensive cancer work-up is unlikely 
to be productive. Certain drugs such as nicotinic acid”! and diethyl- 
stilbestrol”* have been reported to cause AN as well. Treatment for 
AN is generally ineffective, although disappearance of AN has 
been observed in obese individuals with weight reduction to 
IBW™*"* and with discontinuation of offending drugs.” 


DIABETIC THICK SKIN 


In a review of the skin manifestations of diabetes in 1989, Huntley 
concluded that patients with diabetes generally have thicker skin than 
their nondiabetic counterparts.” He and Walter subsequently pre- 
sented ultrasound data comparing patients with diabetes (mean age, 
44) with control subjects, showing that the skin on the dorsum of the 
hands and feet was thicker in the diabetic patients.” Likewise, Collier 
and colleagues used ultrasound measurements to show that flexor 
forearm and medial upper arm skin in patients with diabetes (mean 
age, 25) was thicker than in controls. Diabetic patients with disease 
duration greater than 10 years and those with LJM of the hand had 
the greatest mean skin thickness.’* Although the contention that pa- 
tients with diabetes generally have thicker skin has not been shown 
in an unselected population-based study, two well-characterized syn- 
dromes of thick skin in diabetic patients are discussed below. 


Scleroderma-Like Syndrome (SLS) 
and Limited Joint Mobility (LJM) 


As reviewed,’””* SLS is typically described in children and young 
adults with type | diabetes mellitus (TIDM) in the context of the 
“diabetic hand syndrome.” limited joint mobility (LJM), or 
“cheiroarthropathy.” Skin and joint findings are observed to coexist 
in a majority of cases, although each may exist independently. 
Thickening and induration of the skin on the dorsal fingers may be 
demonstrated by palpation in 8-50% of children with TI DM.” 
SLS and LJM typically begin on the fifth finger and progress radi- 
ally, as well as from distal to proximal. With increasing duration of 
diabetes, the changes may be seen proximal to the metacarpopha- 
langeal joint. Thickening of the skin has been shown to result from 
accumulation of connective tissue in the deep dermis.” 

LJM is thought to result from deposition of connective tissue 
in the periarticular soft tissues around the joint capsule rather than 
being the result of a true arthropathy.*! For study purposes, criteria 
have been defined for staging the severity of LJM” and quantitat- 
ing restrictions in motion with a goniometer." For clinical pur- 
poses, however, LIM may be well demonstrated by the “prayer 
sign? (Fig. 53-4) or the “table top sign.”** These signs demon- 
strate that when the fingers are spread apart, the palmar surface 
cannot be entirely flattened. 

Approximately 50% of adolescent patients with T1DM for more 
than 5 years are affected.” Adults with T2DM may be affected as 
well. Brik and coworkers” summarize the literature on 1845 pa- 
tients with TIDM and show that for all studies cited, a correlation 
was found between LJM or SLS and duration of DM. In all of five 
studies in which microvascular complications were examined, LJM 
or SLS correlated with retinopathy. Though other signs of microvas- 
cular complications have been reported to be associated with LJM or 
SLS,’”’** retinopathy appears to be the strongest association, In a 
more recent cross-sectional study, 83 patients with LJM and T2DM 
were compared with 56 diabetic patients without LJM for evi- 
dence of diabetic complications. Patients with LJM were 9.3 times 
more likely to have proliferative retinopathy, 4 times more likely 
to have cerebrovascular disease, 3.3 times more likely to have 
nephropathy, and 3.1 times more likely to have coronary heart dis- 
ease.“ Longitudinal control of diabetes as measured by HbA), 
was strongly associated with the presence or absence of LIM.“ 

Although the pathogenesis of this condition is controver- 
sial,"**” evidence for the role of nonenzymatic glycosylation 
(NEG) of connective tissue is becoming stronger." Advanced gly- 
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FIGURE 53-4. Prayer sign showing limited joint mobility (LJM) and scle- 

roderma-like (SLS) skin changes. This young woman with T1DM also has 
severe diabetic retinopathy and nephropathy. 


cation end-products (AGEs) extracted from skin correlated signifi- 
cantly with signs of LJM in two studies,*™* but not in a third 
study." The most compelling data come from a longitudinal 
prospective study showing a two- to threefold excess risk of LJM 
with HbA,, levels above 8% over a 2-year period. For every 1% in- 
crease in HbA,, level, there was a 2.5-fold excess risk of LJM.” 
Evidence is accumulating that intensive insulin therapy may be 
beneficial in the treatment of LJM and SLS. A study of four pa- 
tients reported a decrease in skin thickness with tight control of 
glucose.” Monnier and colleagues® reported intensive insulin ther- 
apy in 122 patients in the DCCT resulted in lower levels of skin 
collagen AGEs. While evidence was not presented in that study 
regarding SLS and LJM, the reduction in skin AGEs suggests the 
effect of intensive insulin therapy may be beneficial. Another study 
of 2 patients showed improvement in LJM over a 10-year period 
using aldose reductase inhibition.”! Physical therapy to preserve 
tange of motion should be considered as well. 


Scleredema 


Scleredema is usually described as a rare complication of diabetes. 
However, in two studies the prevalence was reported to be 2.5% of 
484 diabetic outpatients in a Veteran Administration Medical Cen- 
ter in the United States’ and 14% of 100 hospital-based diabetic 
patients at Kuwait University in Kuwait.” Scleredema in diabetic 


DIABETES AND THE SKIN 899 


patients is characterized as firm nonpitting edema of the skin, sym- 
metrically distributed over the posterior neck, upper back, and 
shoulders. Occasionally, the skin thickness can be so severe as 
to limit complete range of motion of the neck and shoulders (Fig. 
53-5). Usually, however, it is asymptomatic, a fact that could lead 
to considerable underreporting of the phenomenon by both patients 
and physicians. A population-based study would provide the best 
data regarding the true prevalence of scleredema of diabetes. 


FIGURE 53-5. Top: A man with adult-onset DM with scleredema diabeti- 
corum so severe that it restricts his efforts at neck extension. Bottom: A 
close-up view of the remarkable thickening of skin on his neck. 
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Scleredema of diabetes or scleredema diabeticorum” is often 
reported as part of the spectrum of scleredema adultorum.™ It may 
be seen in both TIDM and T2DM, but is much more common in 
type 2 disease.’ The classical Bushke type of scleredema adulto- 
rum occurs after a febrile illness, but more commonly scleredema 
adultorum occurs without a preceding febrile illness. These types 
of scleredema are similar to the scleredema of diabetes in clinical 
appearance except they involve the face more often and may re- 
solve spontaneously within 2 years." Monoclonal gammopathy 
and multiple myeloma have been reported with scleredema.”° 
Histopathology shows remarkable thickening of the dermis with 
acid mucopolysaccharide staining on the majority of biopsies.” 

The pathogenesis is unclear. Ohta and collaborators” showed 
that serum from patients with scleredema and a paraproteinemia 
caused enhanced synthesis of extracellular macromolecules in 
cultured fibroblasts. No consistent pattern of cellular response was 
observed, however. One patient reported had diabetes. In another 
diabetic patient with paraproteinemia a sixfold increase in procol- 
lagen synthesis was demonstrated in fibroblasts taken from lesional 
skin.” These studies focus on the possibility that circulating serum 
factors may be responsible for this condition. Similar studies on 
scleredema of diabetes without paraproteinemia would be of inter- 
est. Currently there is no established therapy for the scleredema of 
diabetes, and it usually persists chronically. Case reports regarding 
the use of electron beam radiation, penicillin, cyclosporine, bath 
PUVA, and prostaglandin E, have recently been referenced.” 


CUTANEOUS INFECTIONS 


Gilgor extensively reviewed cutaneous infections in diabetic pa- 
tients and concluded that there is little evidence that well-controlled 
patients with diabetes are more prone to skin infections.” A review 
of 500 diabetic patients in 1927, before the era of modern metabolic 
management and antibiotic therapy, contributed to the view that the 
incidence of furunculosis, carbuncles, erysipelas, and epidermo- 
phytosis is increased in diabetic patients." Infection clearly makes 
diabetes more difficult to manage and, conversely, hyperglycemia 
and ketoacidosis diminish chemotaxis, phagocytosis, and bacterici- 
dal ability of white blood cells. It is difficult, however, to correlate 
hyperglycemia with skin infections.” While population-based stud- 
ies of prevalence of cutaneous infections are for the most part lack- 
ing, we will discuss some of the cutaneous infections that appear to 
be overrepresented in diabetic patients. A recent review emphasizes 
these associations.'”! 


Bacterial Infections 


Both a retrospective and a prospective population-based study have 
shown diabetes to be a risk factor for invasive group B streptococcal 
infection in adults.'°”'°? Skin and soft tissues were the most com- 
mon local site of infection. Approximately 30% of the cases oc- 
curred in patients with diabetes, and the overall case mortality rate 
was 21-32%. Diabetes is also associated with a 3.7-fold increased 
relative risk of invasive group A streptococcal infections.'™ 
Malignant external otitis (MEO) is a pyogenic infection of the 
ear canal, often with Pseudomonas aeruginosa, which is character- 
istically seen in older diabetic patients with purulent discharge, 
facial swelling, unrelenting pain, hearing loss, and granulation tis- 
sue in the ear canal.!°!-!°> The onset may be indolent, and the diag- 
nosis is often delayed.'°' In a study by Chandler, 68 of 72 patients 


had diabetes." In a more recent study, 21 of 30 patients had evi- 
dence of diabetes.'”’ Aural irrigation with tap water was reported 
as a preceding event in 8 of 13 patients in a study by Rubin and 
coworkers. '°* The mortality rate is cited as 20-40% despite appro- 
priate antibiotics. "1% 

Necrotizing fasciitis is another uncommon but potentially 
lethal infection seen postoperatively and following minor trauma, 
as well as at injection sites.°*'°'’ Synergistic infection involving 
two or more organisms is the rule; however, one organism may 
cause the condition.''° Organisms may include facultative strepto- 
cocci, Bactervides, peptostreptococci, and occasionally staphylo- 
cocci. The perineum, trunk, abdomen, and upper extremities are 
the sites most commonly involved. Toxicity is often out of propor- 
tion to signs. Redness, induration, cyanosis, and necrosis with 
overlying bullae may be seen. In a study by Baskin and associ- 
ates,''° 12 of 27 patients with necrotizing soft tissue infection had 
diabetes. Mortality rates of 21-80% have been reported.?™!?":!!° 
The most important aspect of treatment is early aggressive surgical 
debridement. 

The prevalence of staphylococcal infections in diabetic pa- 
tients has been the source of controversy. Gilgor concluded that no 
well-controlled studies have proved that furunculosis, boils, or car- 
buncles are more prevalent in patients with diabetes.” In a more 
recent review, the authors concluded that currently available data 
do not permit estimation of proportional risk of staphylococcal in- 
fection in patients with DM.''' A large study from a single center 
demonstrated an increased rate of cutaneous staphylococcal infec- 
tions in diabetic patients using continuous subcutaneous insulin in- 
fusion (CSII).!'* However, an increase in the rate of staphylococcal 
carriage could not be demonstrated for patients using CSH com- 
pared with diabetic patients injecting insulin or normal control sub- 
jects.'!? A geographically based study of 551 residents in the 
San Luis Valley of Colorado also failed to show an increased rate 
of nasal staphylococcal carriage among patients with diabetes. ''* 

Erythrasma is an infection of intertriginous skin with 
Corynebacterium minutissimum. The organism produces a por- 
phyrin pigment that results in characteristic coral red fluorescence 
when a Wood’s lamp is shined on the skin. The infection is of little 
medical consequence but has been observed in up to 61% of dia- 
betic patients.” Each of these bacterial infections may be treated 
with appropriate systemic antibiotics. Erythrasma may be treated 
with topical or oral erythromycin. 


Fungal and Yeast Infection 


Candida albicans causes angular cheilitis, glossitis, vulvovaginitis, 
balanitis, finger web space infection, and paronychia in diabetic pa- 
tients.'°' Candida infection appears to be more common in poorly 
controlled patients with diabetes.” Clinical evidence of candidal 
paronychia was observed in 9.6% of 250 diabetic women com- 
pared with only 3.4% of 500 nondiabetic women.''> Candida in- 
fections may be treated with oral or topical antifungals. In the case 
of paronychia, it may be even more important to alter the environ- 
ment of the proximal nail fold by avoiding wetness (e.g., cotton 
gloves worn under rubber gloves when working in water) and by 
using drying agents for treatment, such as 15% sulfacetamide in 
50% ethanol (3-4 drops four times per day and each time the 
hands get wet). 

The prevalence of toenail onychomycosis appears to be in- 
creased in patients with diabetes.''® The importance of treating 
dermatophyte infections on the feet of diabetic patients is that they 
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may provide a portal of entry for subsequent bacterial infections. 
Topical antifungals usually suffice to control fungal infection on 
skin adjacent to affected nails, but oral agents are needed to clear 
the onychomycosis. 

Mucormycosis is an infection caused by a ubiquitous fungal 
organism found primarily in soil and decaying vegetation. It has 
been repeatedly reported in diabetic patients." In particular, 
Rhizopus and Mucor have been observed complicating skin ulcers 
on legs and hands in diabetic patients. A destructive nasal mucosa 
and sinus infection called rhinocerebral mucormycosis (RCM) is 
particularly devastating. Early manifestations include facial or ocu- 
lar pain and nasal stuffiness with or without discharge. Later mani- 
festations may include proptosis, necrotic lesions on the palate or 
nasal turbinate, ophthalmoplegia, and vision loss.'°! Approxi- 
mately 75-80% of RCM occurs in diabetic patients with uncon- 
trolled disease.''? Amphotericin B and surgical debridement are 
the treatments of choice. Mortality rates for RCM have been re- 
ported to be 15-34%.'"8 


ERUPTIVE XANTHOMAS 


Diabetes is the most common cause of acquired hypertriglyc- 
eridemia’ (see Chap. 47). Triglyceride-rich chylomicrons are usu- 
ally rapidly cleared by the action of lipoprotein lipase; however, 
lipoprotein lipase activity is decreased in uncontrolled diabetes.'!” 
Insulin is necessary for normal clearance of plasma lipoproteins." 
Eruptive xanthomas may develop as the skin manifestations of chy- 
lomicrons in hypertriglyceridemic patients.?™™!? Plasma lipopro- 
teins can be shown to enter the skin,” where they are phagocy- 
tosed by macrophages. These macrophages appear as foam cells in 
the eruptive xanthomas.'** 

Eruptive xanthomas appear as l- to 4-mm reddish yellow 
papules on the extensor surfaces of the arms, legs, and buttocks. 
They are usually asymptomatic, but are a most important clinical 
sign because they may be the first indication of diabetes. The 
hypertriglyceridemia responds rapidly to diet and insulin therapy 
and the eruptive xanthomas usually resolve completely in 6-8 
weeks.'”” Untreated severe hypertriglyceridemia may lead to ab- 
dominal pain, pancreatitis, hepatosplenomegaly, lipemia retinalis, 
hypoxemia, abnormal hemoglobin oxygen affinity, decreased pul- 
monary diffusing capacities, and psychological changes. '*° 


NECROBIOSIS LIPOIDICA (NL) 


One of the significant developments in the most recognized skin 
condition associated with diabetes is its taxonomy. Since Urbach 
coined the term necrobiosis lipoidica diabeticorum in 1932,'** 
generations of dermatologists and diabetologists have used the ab- 
breviation “NLD” to refer to this condition. Now in the modem era 
of computerized literature searches, if one adds the term “‘diabeti- 
corum” to the search, about 80% of the published papers on the 
topic for the past 5 years are not retrieved. Many investigators!” 
prefer the term necrobiosis lipoidica, because many of the patients 
with this condition do not have diabetes. !? Perhaps we eventually 
will get used to this term as well as the abbreviation “NL.” 

NL was associated with diabetes in approximately two-thirds 
of 171 cases reported from the Mayo Clinic.” Glucose tolerance 
tests performed on nondiabetic patients revealed another 5-10% 
with abnormalities in carbohydrate metabolism.” A more recent 
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series of 65 patients with NL revealed that only 11% had been di- 
agnosed with diabetes after 15 years of follow-up.'** In the con- 
verse situation, evaluation of unselected patients with diabetes at 
the Mayo Clinic revealed that only 3 per 1000 diabetic patients had 
NL.'”” Similarly, only 3 of 395 patients with diabetes (age 15-55) 
in a population-based study trom Sweden had NL,'™ and the 
prevalence of NL in children with T1DM was | in 1557 patients in 
the Scottish Study Group for the Care of the Young Diabetic.” 

The typical clinical presentation is that of multiple (four to 
eight), asymptomatic, oval, sharply marginated, reddish brown 
plaques over the anterior legs (bilateral 75% of the time) on young 
(mean age, 30 years) diabetic women (3:1 female to male ratio). 
The plaques often slowly enlarge, with the center developing the 
typical glazed-porcelain sheen with a yellowish hue and prominent 
telangiectasia (Fig. 53-6). The active margins remain erythematous 
and slightly elevated. Ulceration occurs in about one-third of dia- 
betic patients with NL, and spontaneous remission is relatively rare 
(19%).'*” Clinical variants may be solitary and may be seen on the 
hands, fingers, forearms, face, scalp, and nipple.'”'** When NL is 
present, it rarely spares the legs (2% of the time).'”” 

The clinical presentation is Usually the key to diagnosis, but the 
histology is also characteristic. At times, however, it is difficult to 
distinguish NL from other necrobiotic conditions such as granu- 
loma annulare. The histopathologic and immunohistochemical fea- 
tures of NL have been succinctly reviewed'*”'™* and contrasted 
with granuloma annulare (GA).'** The histologic features of NL in- 
clude poorly defined histiocytic granulomas with necrobiosis in the 
middle to deep dermis, periodic acid Schiff (PAS)—positive staining 
in the areas of necrobiosis, and vascular changes consisting of en- 
dothelial swelling, fibrosis, and hyalinization. Nerve staining with 
S-100 is diminished in lesional skin and in the inflammatory perile- 
sional areas.'* The latter observation is offered as an explanation 
for decreased sensation in well-developed plaques of NL." 

The pathogenesis of NL remains unknown, but many mecha- 
nisms have been proposed and reviewed in detail.'*’ Proposed 
mechanisms include heredity, microangiopathy, increased produc- 
tion of fibronectin by endothelial cells, increased factor VHI- 
related antigen, abnormal platelet function and prostaglandin 
synthesis, accelerated collagen aging, and immune-mediated vas- 
culopathy. Most recently, Saarjalho-Kere and associates" studied 
the pattern of mRNA expression for tissue inhibitor of metallopro- 
teinase | (TIMP-1), interstitial collagenase, and 92-kd gelatinase in 


FIGURE 53-6. Plaques of necrobiosis lipoidica. The lesion has a typical 
glazed-porcelain sheen and yellowish hue with prominent telangiectasia. 
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skin biopsies from lesions of NL and GA. Both disorders are char- 
acterized by altered extracellular matrix and degenerative changes 
in collagen and elastic fibers. Expression of metalloproteinases was 
noted in early lesions, but not later lesions of NL and GA, suggest- 
ing that collagenolysis is an early event in these lesions. There is 
no evidence that poor glycemic control is a factor in NL,'??:'?’ 
although this has not been extensively studied using newer 
techniques for subfractionating AGEs from skin biopsies. TcPo, 
values are significantly lower in lesional skin than in adjacent 
normal skin.'** 

The long list of treatments for NL is evidence that no treatment 
is the accepted standard of effective care.'*’ Studies of NL therapy 
generally suffer from small numbers of patients, the absence of 
controls, or both. Our experience with dipyridamol and aspirin has 
been disappointing, as was that reviewed by Lowitt and Dover." 
High-potency topical steroids may be useful in the early, inflamma- 
tory phase of NL. Likewise, injection of triamcinolone in perile- 
sional skin has been used with success'”°; however, care should be 
exercised with local steroid use because ulceration may occur. 
Short-term use of systemic steroids has been advocated,” as has 
pentoxifylline 400 mg three times a day.'*” However, the admoni- 
tion to “do no harm” may be well advised in this disorder. 

The main issues for plaque-type NL are the cosmetic appear- 
ance and protection to avoid ulceration. Cover-up products such as 
Dermablend or Covermark may be useful for special occasions to 
help cosmetically. Protective padding is well advised for ulcer pro- 
tection during high-risk activities, and a night-light is useful to pre- 
vent inadvertent trauma when using the bathroom at night.'*’ 

When ulcers occur in NL, the same principles apply as dis- 
cussed above for diabetic ulcers. Recently, a report of the success- 
ful use of cyclosporine for the treatment of persistently ulcerated 
NL in two patients was published.'*? For very large or recalcitrant 
ulcers in NL, excision down to fascia with split-thickness skin 
grafting appears to be effective and the preferred therapy.'”” 


GRANULOMA ANNULARE (GA) 


Granuloma annulare is a benign self-limited condition characterized 
by annular plaques usually seen over the dorsal hands, feet, or an- 
kles. The plaques often consist of a ring of papules, red to reddish 
purple in color, with clearing or flattening in the center. They may 
be solitary papules, nodules, or plaques, and on rare occasions pres- 
ent as subcutaneous nodules or perforating lesions.'* About 15% of 
patients have more than 10 lesions and 7-10% have generalized 
lesions.'**"*5 The localized form tends to come on earlier in life 
(two-thirds prior to age 30) and usually clears within 2 years,'*® 
whereas in the generalized form the mean age of onset is 52 years, 
and it rarely clears spontaneously.'** 

The pathogenesis of GA remains unknown. Its association 
with diabetes has long been debated.'*” In a large series from the 
Mayo Clinic in 1989, Dabski and Winkelmann reported diabetes in 
9.7% of 1353 patients with localized lesions of GA, and 21% of 
100 patients with generalized GA.'** In two more recent retrospec- 
tive studies, 11 of 61 patients (18%)'** and 10 of 84 patients 
(12%)'*? with GA had diabetes. A large population-based study of 
patients with DM would be useful to help resolve the relationship 
between GA and DM, but the more recent data continue to support 
the arguments in favor of an association. 

Treatment with high-potency topical steroids or steroid injec- 
tion may be effective for localized GA, but it is usually an asymp- 


tomatic self-limited process. Generalized GA may be more pruritic 
and persistent, and it is certainly more cosmetically disabling. En- 
couraging results for generalized GA have been reported with 
PUVA.'® It should be noted, however, that sunburn has been re- 
ported as a precipitating factor for some patients with generalized 
GA.'» Limited success has been reported with systemic cortico- 
steroids, chloroquine, potassium iodide, sulfones, niacinamide, and 
chlorpropamide, as reviewed by Dabski and Winkelmann.’ 

A careful history and physical examination should be done 
with the question of diabetes in mind. It could be argued that a fast- 
ing blood sugar should be obtained in older patients with general- 
ized GA. GA lesions have been reported in patients with HIV 
infection.'*':'® If risk factors for HIV are present, antibody testing 
should be considered. 


DIABETIC DERMOPATHY 


Melin is generally credited with describing atrophic circumscribed 
lesions localized to the lower extremities’? in diabetic patients. 
They consist of small (2-10 mm), rounded, brownish, atrophic Je- 
sions almost exclusively over the pretibial surface of the legs (Fig. 


53-7). They have subsequently been referred to most commonly as 


FIGURE 53-7. Atrophic “shin spots” or diabetic dermopathy on the legs of 
a diabetic man. 
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“shin spots"! and diabetic dermopathy.'** Controversy has sur- 
rounded this condition regarding the prevalence, the specificity as a 
cutaneous marker for diabetes, the relationship to other complica- 
tions of diabetes, and its relationship to trauma. "6 

Prevalence of atrophic shin spots ascertained from diabetic pa- 
tients in outpatient clinics has ranged from 24—65% for males and 
4-39% for females.'**'*'57!% The prevalence in nondiabetic 
control groups was 7% of 104 patients in a hypertension clinic," 
20% of 183 patients in an endocrine clinic,'™* 3% of 100 patients in 
a dermatology clinic,’*’ and 1.6% of 201 healthy medical stu- 
dents,'** Perhaps the best prevalence data come from a population- 
based study in which standard skin examinations were performed 
on the lower extremities of 96% of 395 patients with known dia- 
betes aged 15-50 years from Umea County, Sweden.'® It is of in- 
terest that the University of Umea is where Melin’s report origi- 
nated in 1964. They observed shin spots in 33% of patients with 
TIDM and 39% of patients with T2DM, compared with 2% of a 
control group comprised of 100 healthy people, mainly hospital 
personnel aged 15-50 years. Most authors agree that though the 
finding is not specific for diabetes, diabetic dermopathy does occur 
with greater frequency in patients with diabetes. Additionally, there 
is agreement that it occurs more frequently in men, and the dura- 
tion of diabetes is directly related to the prevalence of diabetic 
dermopathy. 

The pathogenesis of the condition is unknown. Trauma has 
been the leading candidate, even though most patients are unaware 
of associated trauma and the lesions are asymptomatic. Arguments 
in favor of trauma are supported by the location on the shins and 
the increased prevalence in men. Melin was unable to produce le- 
sions on the shins of diabetic patients with a rubber hammer and 
found no lesions on the shins of normal healthy soccer players. '® 
Lithner, however, was able to induce atrophic circumscribed skin 
lesions at the site of trauma from locally applied heat and cold in 
patients with diabetes.'® Perhaps diabetic dermopathy represents a 
pattern of repair in response to injury or inflammation within the 
milieu of diabetes. 

Melin found an association of atrophic shin spots with other 
clinical complications of diabetes, including retinopathy, lower 
extremity vascular disease, and nephropathy. '™* However, in the 
other large study to look at this question, Danowski and col- 
leagues found no such associations.'™* In the most recent study of 
173 patients with DM (69 with atrophic shin spots), a strong sta- 
tistical relationship with retinopathy, nephropathy, and neuropathy 
was reported.’ The histology is not diagnostic. It shows epider- 
mal atrophy and pigment inclusion but no clear-cut evidence for 
a vasculopathy in lesional skin by either histology or electron 
microscopy.'*! No treatment is necessary since it is without symp- 
toms or morbidity. 


BULLOSIS DIABETICORUM 


The abrupt onset of bullae on the extremities has been reported as a 
rare condition associated with diabetes.'® The lesions are usually 
on the toes, feet, and distal lower extremities, but are also observed 
on the fingers, hands, and forearms. They are unrelated to any ap- 
parent trauma or infection and heal without scarring in 2-5 weeks 
unless they become infected. Although the condition may resolve 
spontaneously, it may recur over a number of years.'®? 

The histopathology is variable, as reviewed by Toonstra.'® 
The level of separation resulting in the bulla may be intraepidermal 
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or subepidermal. The intraepidermal split may occur anywhere 
from suprabasally to subcomeally, usually without acantholysis, 
although spongiosis may be present. Direct immunofluorescence is 
usually negative. "6> '® 

Because the pathogenesis is unknown and the treatment is sup- 
portive wound care, the main significance of this condition is 
recognition that it is not one of the other blistering disorders of the 
skin. The differential diagnosis includes bullous impetigo, bullous 
pemphigoid, pemphigus vulgaris, epidermolysis bullosa acquisita, 
porphyria cutanea tarda (PCT), bullous erythema multiforme (e.g., 
due to drugs), and insect bite reaction. A negative culture for staphy- 
lococci, a negative direct immunofluorescence on skin biopsy, and 
compatible histopathology makes this diagnosis by exclusion rela- 
tively certain. A porphyrin screen could be considered if other 
signs of PCT are present. The diagnosis is important because the 
treatment of a number of the other blistering diseases involves the 
use of systemic steroids or immunosuppressive therapy, which con- 
fers significant risk of toxicity to diabetic patients. 


ACQUIRED PERFORATING DERMATOSIS 


Acquired perforating dermatosis (APD) has been reported in associ- 
ation with diabetes and renal failure. Rapini and collaborators! 
reviewed a variety of terms used for this group of conditions. They 
include Kyrle’s disease, reactive perforating collagenosis (RPC), 
perforating folliculitis, and elastosis perforans serpiginosa. Because 
histology may vary from location to location on the same patient 
and the pathogenesis is unclear, it appears more logical to consider 
these conditions together rather than to emphasize differences. 
APD is characterized by transepidermal elimination of what 
appears to be altered collagen. The clinical appearance consists of 
pruritic papules and nodules on the upper and lower extremities as 
well as the trunk and, to a lesser extent, the face. The lesions are 
often perifollicular, as noted in Fig. 53-8. In review of the litera- 
ture, Faver and associates'“® were able to describe 22 cases consid- 
ered to be RPC: 72% (16/22 patients) had diabetes with at least one 
complication (nephropathy, retinopathy, peripheral vascular dis- 
ease, or cardiomyopathy), 15 patients had nephropathy, and 10 
were on dialysis. In a more recent study in which dialysis patients 
received prospective skin examinations, 11% (8 of 72 patients) 
were observed to have APD. Seven of the eight patients had DM. 


FIGURE 53-8. Acquired perforating dermatosis in a young woman with 
TIDM who is on dialysis. 
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These observations are supportive of the association of APD with 
DM and chronic renal failure, and it suggests that APD may be 
more common than previously appreciated.'®’ The pathogenesis is 
unclear, but treatment with glycemic control, ultraviolet light, 
retinoic acid, or topical steroids is at times effective. 


GLUCAGONOMA 


Glucagonoma is one cause for diabetes that is potentially curable by 
surgery; hence it deserves mention even though it occurs rarely. This 
diagnosis should be considered in diabetic patients with a recalci- 
trant erosive dermatitis, typically involving the central face, groin, 
friction areas, and the distal extremities.’ It is usually seen in the 
clinical setting of weight loss, diarrhea, glossitis, anemia, hypoalbu- 
minemia, and mild DM. Skin biopsy shows epidermal necrosis, 
edema, and a split in the upper spinous layer, along with a neutro- 
philic infiltrate." The clinical and histologic features taken together 
resulted in the term necrolytic migratory erythema (NME). 10 

Glucagonoma is a tumor of the a (alpha) cells of the pancreas, 
which secrete glucagon. It is malignant in 60-80% of cases and 
often is metastatic at the time of diagnosis.'’' Early diagnosis is 
rare because it is not considered by the clinician. Some authors 
suggest obtaining a glucagon level in any patient with DM and an 
unexplained rash.'”” The diagnosis is made more difficult by the 
fact that 15% of patients with glucagonoma do not have DM,’ 
and some patients with NME have normal glucagon levels and no 
evidence of glucagonoma.'”* 

In the proper clinical context, the diagnosis can usually be con- 
firmed with a fasting serum glucagon level. The tumors can usually 
be visualized on CT scan;’” however, selective celiac axis arteriog- 
raphy is the most useful diagnostic study for localizing the tumor and 
identifying metastases in the liver.'’*'”° Treatment usually includes 
surgical excision. Even in metastatic disease, cytoreductive surgery 
often results in long remission.” Chemotherapy may be helpful, 
and long-acting somatostatin analogues result in good symptomatic 
relief even though they have no effect on tumor size.'”’ 


INSULIN INJECTION COMPLICATIONS 


Strong evidence has been presented that intensive insulin therapy 
effectively delays the onset and slows the progression of microvas- 
cular disease in TIDM'*!79 (see Chap. 54). Multiple daily insulin 
injections have become the norm, and external insulin pumps are 
an effective alternative for intensive insulin therapy.'”? Manage- 
ment of the skin complications of insulin therapy may become 
more problematic with intensive insulin therapy. In older literature, 
the incidence of skin complications was given as 10% and 56% of 
all patients with diabetes receiving conventional bovine and pork 
insulin, respectively.'®° That incidence has decreased substantially 
with the use of purified pork and bovine insulin as well as with 
human insulin (HI).'*!-'* 

Lipoatrophy with less pure, earlier insulin preparations was re- 
ported in 16% of patients, '** whereas with highly purified insulin it 
occurred in 0-2.5% of cases.'**"'*™ It is sufficiently uncommon 
with use of HI that case reports and letters regarding its occurrence 
continue to appear." ee Lipoatrophy has been attributed to local 
immune complex formation and complement fixation with release 
of lysosomal enzymes in response to a presumed antigenic compo- 
nent of the less purified insulins.'*’ As noted. however, it does con- 


tinue to occur with highly purified insulin and HI. Chantelau and 
coworkers reported a case in which lipoatrophy resulted from in- 
jection of intermediate- and long-acting HI. The authors success- 
fully used continuous subcutaneous insulin injection (CSII) with 
regular HI, and speculated that the shorter-acting insulin may have 
been responsible for the improvement.'*° 

Lipohypertrophy has not decreased with the use of highly puri- 
fied insulin and HI. In fact, at one center lipohypertrophy was ob- 
served in 14% of patients using conventional insulin, whereas 22% 
of patients injecting highly purified insulin developed lipohypertro- 
phy.'* At another center lipohypertrophy was observed in 76 of 
281 (27%) patients injecting purified insulin.'*? Lipohypertrophy is 
thought to occur because of a local anabolic effect of insulin that 
promotes fat and protein synthesis. The problem can usually be al- 
leviated by rotation of injection sites, but the hypertrophic sites are 
often repeatedly used by the patients because they tend to be less 
painful. However, patients should be discouraged from using the 
sites with lipohypertrophy because the insulin absorption can be 
delayed or inconsistent. !"*!8° 

Local and systemic allergic reactions have been reported with 
insulin injections. Fortunately, local reactions are by far the most 
common. A variety of factors may be involved, including contami- 
nating proteins,” zinc," and protamine,'”’ as well as insulin 
itself (including HI).'” Such allergic reactions are usually IgE- 
mediated,” although patients may have IgE antibodies to insulin 
without clinical evidence of an adverse reaction, ”®!'” and IgE anti- 
bodies have been measured in sera from allergic nondiabetic indi- 
viduals with affinities and concentrations similar to those seen in 
diabetic patients. '"°!*’ Local reactions to insulin are often transient 
and of no major significance. They usually present as a wheal and 
flare within 30 minutes. Systemic allergic reactions, though rare, 
are potentially life-threatening. They include urticaria, angioedema, 
anaphylaxis, and the Arthus reaction.” Although highly purified 
insulin and HI are less immunogenic, allergic reactions are still ob- 
served.'” Intradermal testing may be used to find an insulin prepa- 
ration to which the patient does not react.'?*'"? Desensitization 
techniques are useful for generalized insulin allergies.’ Systemic 
steroids and antihistamines are occasionally required.'*!? 

Nonimmunologic cutaneous reactions have been reported to 
insulin injection as well. They include infections (e.g., S. aureus, S. 
epidermidis, and M. chelonei),''??°' zinc granulomas and sterile 
abscesses,” silicon oil from disposable syringes,’ and keloid 
formation, as well as pigmentation that can resemble acanthosis 
nigricans.” 

Continuous subcutaneous insulin infusion (CSII) deserves spe- 
cial mention because skin complications are the most common rea- 
son the treatment is discontinued.”°° Chantelau and collaborators 7% 
reported on 116 patients with T1DM followed for a mean period of 
4.5 years. They reported 134 cases of skin inflammation or infection 
during the study period: 51% developed redness at the catheter sites, 
19% developed subcutaneous nodules, and 48% had whitish scars 
secondary to previous infections. In an earlier study, catheters were 
cultured from 40 patients during 120 separate examinations. S. epi- 
dermidis was recovered in 42 cases and S. aureus in 15 cases.''? 
Pyogenic skin inflammation was described by van Faassen and 
coworkers''? in 48% of 50 patients treated with CSII, compared 
with 6% of the insulin-injecting patients and 3% of healthy volun- 
teers. Recommendations regarding skin care with CSI] include nee- 
dle change every 48 hours, no catheter reuse, hand washing before 
insertion of needles, antiseptic preparation of needle insertion sites, 
and sterile covering of the needles.’'” 
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CHAPTER 54 


Relationship of Glycemic Control to Diabetic Complications 


Jay S. Skyler 


The most important issue facing clinicians who care for patients 
with diabetes is the extent to which the frequency or severity of 
chronic complications can be influenced by the degree to which 
glycemia is controlled. For many years, this was one of the most 
controversial questions in the field of diabetes. This was in spite of 
the fact that substantial accumulated evidence demonstrated that 
the frequency, severity, and progression of retinopathy, nephropa- 
thy, and neuropathy are related to the degree of hyperglycemia over 
time. That evidence came from epidemiologic, clinical, and patho- 
logic studies in human beings; from studies using animal models of 
diabetes; and from the elucidation of a number of biochemical 
mechanisms, putatively involved in the pathogenesis of these com- 
plications, that are influenced directly by hyperglycemia. Yet con- 
troversy on this subject continued, principally because there were 
no longitudinal prospective randomized intervention studies. That 
lacuna no longer exists. Now it has been unequivocally estab- 
lished—by randomized controlled clinical trials—that careful con- 
trol of glycemia indeed can lessen the risk of the microangiopathic 
and neurologic complications of diabetes. This has been demon- 
strated for type | diabetes mellitus (T1DM) in the landmark Dia- 
betes Control and Complications Trial (DCCT), the Stockholm Di- 
abetes Intervention Study (SDIS), and a number of smaller 
prospective intervention studies. It also has been demonstrated for 
type 2 diabetes mellitus (T2DM) by the United Kingdom Prospec- 
tive Diabetes Study (UKPDS) and the smaller Kumamoto Study 
from Japan. 

A growing number of epidemiologic studies also have shown 
that there is a relationship between degree of glycemia and the in- 
cidence and prevalence of macrovascular complications of diabetes 
(i.e., cardiovascular disease, cerebrovascular disease, and periph- 
eral vascular disease). Indeed, the relationship between glycemia 
and macrovascular disease extends throughout the range of 
glycemia, including nondiabetic individuals. Yet, the large random- 
ized controlled clinical trials have failed to show convincingly that 
macrovascular disease is impacted by glycemic control. However, 
some analyses suggest that the DCCT and UKPDS do show such 
an effect. 

In this chapter, the focus will be on intervention studies, 
specifically, randomized controlled clinical trials. However, be- 
cause of their historical importance, the WESDR Study and the 
Brussels study also are discussed. 


EPIDEMIOLOGIC AND OBSERVATIONAL 
STUDIES 


Brussels Study 


The Brussels Study, reported in 1978, represented a landmark in 
delimiting the question of the relationship between glycemia and 
diabetic complications.’ Between 1947 and 1973, Jean Pirart of 
Brussels, Belgium, personally followed 4400 patients for up to a 
quarter century, and meticulously recorded observations on their 
glycemic control and the appearance of diabetic complications. His 
striking observations demonstrated that the frequency and severity 
of diabetic retinopathy, nephropathy, and neuropathy were related 
to both duration of disease and to cumulative glycemic control. 
Poor control assessed cumulatively over the years was associated 
with a higher prevalence and incidence of microangiopathy and 
neuropathy, especially severe retinopathy. Yet, Pirart did not ran- 
domly allocate patients a priori to either “good” or “poor” control. 
Thus it was impossible to exclude the possibility that patients with 
mild diabetes achieved “good” control and escaped complications, 
while patients with more severe diabetes achieved “poor” control 
and suffered more complications. Moreover, the study was con- 
ducted in an era prior to the availability of glycated (glycosylated) 
hemoglobin determinations to assess glycemic control. 


Other Epidemiologic and Clinical Studies 


Subsequently, many other similar clinical studies, as well as a large 
number of both cross-sectional and longitudinal epidemiologic 
studies have reported relationships between glycated hemoglobin 
and incidence and prevalence of retinopathy, nephropathy, and neu- 
ropathy. 


Wisconsin Study 

One of the longest, largest, and most carefully conducted of 
these longitudinal epidemiologic studies is the Wisconsin Epidemi- 
ologic Study of Diabetic Retinopathy (WESDR).™™ The Wiscon- 
sin study is a large population-based study which has reported on 
the evolution of diabetic complications, particularly retinopathy, 
among diabetic patients receiving community care in 11 counties 
in southern Wisconsin.” * The sample included all diabetic subjects 
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with onset before 30 years of age (younger-onset cohort; n = 1210) 
and a probability sample of those with onset after 30 years of age 
(older-onset cohort; n = 1780 of 5431 patients with a confirmed di- 
agnosis of diabetes). From this sample, 79.1% (n = 2366) under- 
went baseline evaluation in 1980-1982. Four-year follow-up evalu- 
ations were performed in 1984—1986 on 1878 individuals, 95.7% 
of those evaluated at baseline and still alive. Ten-year follow-up 
evaluations were performed in 1990-1992 on 1298 individuals, 
88.7% of those evaluated at baseline and still alive.° Because of the 
high death rate in the older cohort, only the younger cohort was re- 
examined at 14 years in 1995-1996, with 634 subjects participat- 
ing.!' Some information also was obtained from an additional 309 
subjects from the older cohort.'™!” Evaluations were conducted in 
a special van, and included collection of historical data, blood pres- 
sure, visual acuity, seven-field fundus photography, measurement 
of glycosylated hemoglobin (HbA,,), and urine protein. 

The younger-onset cohort presumably includes mostly individ- 
uals with TIDM. For many analyses, the older-onset cohort is di- 
vided into those treated with insulin (46.3% of the original proba- 
bility sample) and those not treated with insulin (53.7% of the 
original probability sample). Those not treated with insulin pre- 
sumably have T2DM, while those treated with insulin presumably 
are a mixed group with most probably having T2DM. 

Among the many findings reported by the WESDR investiga- 
tors, the most notable describe the relationship of hyperglycemia 
(both baseline HbA,, and change of HbA,, between baseline and 
4-year follow-up) and (a) incidence and progression of retinopathy, 
(b) incidence of nephropathy, (c) nerve function and incidence of 
lower extremity amputations, (d) hospitalizations, and (e) survival. 
Most of these analyses evaluated the influence on a given outcome 
measure of HbA,, divided into quartiles. 

In all three cohorts (younger-onset, older-onset treated with in- 
sulin, older-onset not treated with insulin), there was at both 4’ and 
10 years’ follow-up* a statistically significant relationship between 
baseline HbA,, and (a) incidence of retinopathy, (b) progression of 
retinopathy by two or more steps on a |5-step scale, and (c) pro- 
gression to proliferative retinopathy. The 10-year data for progres- 
sion to proliferative retinopathy are shown in Fig. 54-1, as an ex- 


FIGURE 54-1. The relationship of 10-year progression to proliferative dia- 
betic retinopathy (PDR) by quartile of glycosylated hemoglobin (1st quar- 
tile D, 2nd quartile W. 3rd quartile . 4th quartile W) at baseline in the 
Wisconsin Study. This is shown in three cohorts: the younger-onset group 
taking insulin. the oldcr-onset group taking insulin, and the older-onset 
group not taking insulin. In each cohort the p values for the Mantel- 
Haenszel test of trend are significant. (Adapted with permission from Klein 
et al.*) 
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ample of the relationships observed. At the 10-year follow-up, they 
also reported a statistically significant relationship between base- 
line HbA,, and macular edema in the younger-onset cohort and the 
older-onset cohort considered as a whole,’ and visual loss in the 
younger-onset cohort and the older-onset cohort treated with in- 
sulin, but not in the older-onset cohort not treated with insulin. ® In 
the older-onset cohort, however, nondiabetic causes of visual loss 
(e.g., cataract, glaucoma, macular degeneration) complicated data 
interpretation. As noted, at 14 years, only data from the younger- 
onset cohort have been reported. ' '!2 At that time, progression of 
retinopathy was more likely with elevated HbA,, at baseline, or an 
increase in HbA,, from the baseline to the 4-year follow-up. In- 
creased risk of proliferative retinopathy or incidence of macular 
edema was associated with higher HbA,, at baseline, and an in- 
crease in HbA. between the baseline and 4-year follow-up exami- 
nation. Lower HbA,, at baseline was associated with improvement 
in retinopathy. Visual loss was associated with higher HbA, levels. 

In both the younger-onset cohort and the older-onset cohort, 
there was a statistically significant relationship between baseline 
HbA,, and 4-year incidence of gross proteinuria'*:!* and microal- 
buminuria.'*'* and 10-year incidence of gross proteinuria.” In the 
younger-onset cohort, but not in the older-onset cohort, there was a 
statistically significant relationship between baseline HbA. and 
10-year incidence of decline in creatinine clearance and develop- 


FIGURE 54-2. The effect on risk of development of complications of a 1% 
increase in glycosylated hemoglobin at baseline in (A) the younger-onsel 
group, and (B) the older-onset group, in the Wisconsin Study. In cach case 
the points are the estimate and the bars represent the 95% confidence inter- 
val of the estimate. (Adapted with permission from Klein.’ ) 
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ment of renal insufficiency." The absence of a relationship with 
glycemia in the older-onset cohort may have been because the 
overall event rate for renal failure was low (1.8%). 

In terms of nerve function, in all three cohorts, there was at 10 
years’ follow-up a statistically significant relationship between 
baseline HbA,, and loss of tactile sensation, whereas the relation- 
ship between baseline HbA,, and loss of tactile sensation was sta- 
tistically significant only in the younger-onset cohort and the older- 
onset cohort on insulin.? In both the younger-onset cohort and the 
older-onset cohort considered as a whole, there was a statistically 
significant relationship between baseline HbA, and incidence of 
lower extremity amputation both at 10 years!’ and 14 years.'° 

Factors from the 4-year examination were studied for their 
ability to predict hospitalization at the 10-year examination. HbA < 
level predicted hospitalization.”° 

In terms of mortality,?”' in the younger-onset cohort, after con- 
trolling for other risk factors in proportional hazard models and 
considering underlying cause of death, HbA, was significantly as- 
sociated with 10-year mortality from all causes, from diabetes per 
se, and from ischemic heart disease. In the older-onset cohort, 
HbA,, was significantly associated with 10-year mortality from all 
causes, from diabetes per se, from ischemic heart disease, and from 
stroke. 

The data from the Wisconsin study demonstrate a strong and 
consistent relationship between glycemia and the incidence and 
progression of microvascular (diabetic retinopathy, loss of vision, 
and nephropathy) and macrovascular (amputation and cardiovascu- 
lar disease mortality) complications in people with both T1DM and 
T2DM. The relationship was such that the investigators could cal- 
culate the effect on risk of development of complications of a 1% 
iherease in baseline glycosylated hemoglobin, as illustrated in Fig. 
54-2. 


INTERVENTION TRIALS 


The Brussels Study mentioned earlier’ stimulated the initiation of a 
number of prospective trials designed to examine the influence of 
improved glycemic control, achieved with intensive insulin therapy 
(often, but not always, using an insulin infusion pump), in contrast 
to unchanged conventional therapy. These were generally initiated 
in the early 1980s, and most (except one from the mid- to late 
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1970s) have used glycosylated hemoglobin determinations to as- 
sess integrated glycemic control. These early trials mostly involved 
subjects with T1DM. 

Three clinical trials have studied subjects with T2DM. One 
of these, the Veterans Administration Cooperative Study on Gly- 
cemic Control and Complications in Type 2 Diabetes Mellitus 
(VACSDM), was unfortunately aborted after the pilot phase due to 
lack of funding.™?” After a long hiatus, it is finally again under 
way.”* The large United Kingdom Prospective Diabetes Study 
(UKPDS) was completed in 1998. It will be discussed in detail. 
The smaller Kumamoto Study also will be discussed. 


Intervention Trials: Type 1 Diabetes 


Meta-Analysis 

In 1993, Wang and colleagues”*”° reported a formal meta- 
analysis of published randomized controlled trials that evaluated 
the effects of intensive glycemic control of TIDM on the progres- 
sion of diabetic retinopathy and nephropathy, and the risks of se- 
vere hypoglycemia and diabetic ketoacidosis. These authors per- 
formed a search of the English language literature from 1966 
through 1991 and identified 32 potential studies. Sixteen reports 
met their inclusion criteria of being randomized clinical trials with 
sufficient follow-up data for retinopathy and/or nephropathy to per- 
mit analysis. These 16 reports used in the meta-analysis contain 
data from 12 independent randomized controlled trials. The overall 
difference in the risk of retinopathy or nephropathy progression 
was analyzed, and the overall difference in the incidence of hypo- 
glycemia or diabetic ketoacidosis was estimated. Table 54-1 sum- 
marizes the results of the meta-analysis. When compared to con- 
ventional control, intensive therapy reduced glycosylated 
hemoglobin (%) by 1.4 with a 95% confidence interval ranging 
from 1.1-1.8. The analysis showed that compared to convention- 
ally treated patients, after more than 2 years of intensive therapy 
the risk of retinopathy progression was significantly lower (odds 
tatio [OR] 0.49; 95% confidence interval, 0.28-0.85). Seeking evi- 
dence of early worsening of retinopathy, the analysis found that in 
the intensive therapy group, the risk of retinopathy progression was 
insignificantly higher after 6-12 months of intensive control. In 
studies that assessed albumin excretion rate, the risk of nephropa- 
thy progression was decreased significantly in the intensive therapy 
group (OR 0.34; 95% confidence interval, 0.20-0.58). The authors 
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TABLE 54-1. Formal Reported Meta-Analysis Results 


Studies 
Retinopathy Early: 6-12 mo 5 
Late: >2 yr 6 
PDR or laser 4 
Nephropathy All 8 
Only AER 7 
Hypoglycemia Severe 6 
DKA In CSI 3 


Subjects OR 95% Cl p 
223 2.11 (0.54, 8.31) 0.29 
271 0.49 (0.28. 0.85) 0.011 
186 0.44 (0.22, 0.87) 0.018 
278 0.32 (0.19, 0.55) 0.000033 
266 0.34 (0.20. 0.58) 0.000079 

ABS CHG 

#/100 pt-yr 
347 +9.1 (-1.4, 19.6) 
144 +12.6 (8.7, 16.5) 


Comparison of intensive therapy to conventional control (odds ratio (ORJ) for retinopathy progression (after 6-12 months of in- 
tensive therapy, after more than 2 ycars of intensive therapy, and for progression to proliferative retinopathy or laser treatment) 
and for nephropathy progression (including all eligible trials, and limiting analysis to studies that measured changes in albumin 
excretion rate | AER ]). Comparison of intensive therapy to conventional control (absolute change in incidence) for severe hypo- 
glycemia and for diabetic ketoacidosis in those who received continuous subcutaneous insulin infusion (CSII). The 95% confi- 


dence interval (CI) and p value for significance (where available) are shown. 
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concluded that long-term intensive glycemic control significantly 
reduced the risks of diabetic retinopathy and nephropathy progres- 
sion among TIDM patients when compared with randomly as- 
signed controls. 


Review of Studies 

The studies discussed in this section are listed in Table 54-2. 
They include those reviewed in the above meta-analysis (with up- 
dated data on some), three trials published since the meta-analysis 
(Oslo-2A, Oslo-2B, and the DCCT), one apparently missed by the 
meta-analysis (Italian Multicenter), and one nonrandomized but 
prospective study (Dallas). Several of these studies have included 
neurologic endpoints, lipid levels, and other parameters. The bulk 
of this discussion, however, relates to endpoints in the eyes and 
kidneys, which are easier to assess. 


Steno Studies 

Under the leadership of Torsten Deckert, investigators at the 
Steno Memorial Hospital in Gentofte, Denmark, conducted two in- 
dependent studies in 70 patients with TIDM.””-*? In both of these 
studies, subjects were randomly allocated to either unchanged con- 
ventional therapy (CT) or improved metabolic control using con- 
tinuous subcutaneous insulin infusion (CSID. In the first study, ini- 
tiated in 1980, 34 subjects were enrolled on the basis of having 
moderately advanced background diabetic retinopathy. In the sec- 
ond study, initiated in 1983, enrollment (of 36 subjects) was based 
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on the presence of microalbuminuria. In the retinopathy study, in 
the CSII group, there was consistent improvement in renal function 
studies after 6 months, 1 year, and 2 years.” On the other hand, 
there was transient deterioration in retinal morphology, character- 
ized by the appearance of soft exudates, indicative of retinal infarc- 
tion, at the 1-year follow-up in the CSII group. Yet by 2 years, there 
was a marginally significant trend towards stabilization or im- 
provement in retinal morphology in the CSII group, in contrast to 
progressive deterioration in the CT group.” 

In the Steno microalbuminuria study, over 2 years 5 of 18 pa- 
tients randomized to CT progressed from microalbuminuria to 
clinical nephropathy, defined as dipstick-positive proteinuria.” In 
contrast, in the CSII group, none of the 18 patients so progressed, a 
statistically significant difference. Moreover, if one includes in this 
analysis those subjects in the Steno retinopathy study who also had 
microalbuminuria at baseline,”’ a total of 10 of 25 subjects treated 
with CT progressed from microalbuminuria to clinical nephropa- 
thy by 2 years, compared to a total of 1 of 26 subjects treated with 
CSII (p <0.001).”” 

A subsequent report updated these observations after follow- 
up of 8 years for subjects initially enrolled in the retinopathy study 
and after 5 years for subjects initially enrolled in the microalbu- 
minuria study.** Interestingly, there was sustained difference be- 
tween the groups in glycemic control. Of the total cohort at long- 
term follow-up, 12 of 33 assigned to CT had developed 
proliferative retinopathy, in contrast to 8 of 36 assigned to CSII, but 


TABLE 54-2 List of Intervention Studies in Type 1 Diabetes Examining the Effects of Glycemic Control on Diabetic Complication 


Study Entry Criteria‘ Outcome’ 
n* Age (Start) Duration Outcomes Glyco-Hb %* 
Study (Start/End) (years) (months) Assessed’ (Con*/Int) Eyes Kidney Eyes Kidneys Nerves Refs” 
Steno-! 34/29 18-51 24 E 8.5/7.0 NP N-Cr Trend — Trend 27-30 
30/29 24 K 8.5/7.0 — Benefit — 
Steno-2 36/36 18-50 24 K 8.9/7.4 NP AER >30 — Benefit — 31-33 
Kroc 68/62 14-60 48 E — NP N-Cr, UPE<1000 NoA — — 34-37 
68/59 8 K 10.0/8.1 — Benefit — 
Oslo-1 45/43 18—42 48 EKN 10.2/8.9 NP N-Cr, -Dipstick No A Benefit Trend 38—46 
Oslo-2A 30/23 14-29 12 K 10.4/9.0 N/NP AER 22-300 — Benefit — 47 
Oslo-2B 18/18 18-29 24 K 9.7/8.6 N/NP AER 22-300 — Benefit — 48 
SDIS 102/89 3121 94 EKN 8.5/7.1 NP N-Cr Benefit Benefit Benefit 49-59 
Oxford 74/69 21-60 24 EKN 11.4/10.5 NP N-Cr NoA Benefit Benefit 60 
Aarhus-1 24/23 18-41 36 E 8.5/7.2 N/NP —Dipstick No A — — 61-62 
24/23 12 K 9.1/7.0 — Benefit — 
Aarhus-2 24/21 29 +1 24 K 8.6/7.2 N/NP N/Î AER — No A — 63 
Italian MC 38/34 21-55 24 E 8.1/7.3 NP N-Cr, AER<1000 Trend — — 64 
Naples 44/38 18-50 60 E 10.7/8.7 NP UPE<500 No A — — 65 
Paris 52/42 40 +2 50 E FBG: 195/154 NP — Benefit — — 66—68 
Guy's 12/12 18-43 12 K 11.8/7.! NP TGFR, -Ren Dis — Benefit — 69 
Helsinki 65/54 18-57 12 E 10.1/9.9 N/NP/P UPE<1000 NoA — — 70 
DDPT 57/54 16—42 48 E K N BM 10.4/7.2 N/NP N-Cr Benefit Benefit Benefit 71-76 
DCCT 1441/1422 13-39 108 EKN 9.1/7.2 N/NP AER<200 Benefit Benefit Benefit 77-88 
726 N AER<40 Benefit Benefit Benefit 
715 NP AER<200 Benefit Benefit Benefit 


*n = number of subjects enrolled at start and available for analysis at end. 


tOutcomes assessed; E = eyes, K = kidneys. N = nerves. BM = basement membrane width (muscle capillary). 


$Glyco-Hb% = ending glycated hemoglobin (%) for control (Cont) and intensive (Int) groups (FBG = fasting plasma glucose in mg/dL for study where glyco-Hb not available). 


§Entry criteria—for cyes: N = normal. NP = nonproliferative (background) retinopathy, P = proliferative retinopathy: for kidneys: N-Cr = normal serum creatinine, AER = albu- 
min excretion rate (mg/24 h), UPE = urine protcin excretion rate (mg/24 h). -Dipstick = dipstick negative for protein. T = increased, GFR = glomerular filtration rate, -Ren Dis 


= negative history of renal disease. 


{Outcome: for intensive therapy: Benefit = statistically significant benefit: Trend = trend (not statistically significant) of benefit: No A = no change or no difference. 


#Refs = references. 
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this difference is not significant. On the other hand, the renal data 
are astounding. It turned out that no subject with low-range mi- 
croalbuminuria (30-99 mg/24 h) at the outset progressed to pro- 
teinuria, regardless of treatment assignment. Among the 19 sub- 
jects with high-range microalbuminuria (100-300 mg/24 h) at the 
outset, all 10 of the subjects on CT had progressed to proteinuria 
(and had done so by 2 years’ follow-up) and 7 of the 10 had devel- 
oped hypertension, while only 2 of 9 subjects on CSII had similarly 
progressed to proteinuria and only | had hypertension. The differ- 
ences for proteinuria and hypertension were significant, both with 
p <0.01. 


Kroc Group Study 

In 1981 six centers in the United States and United Kingdom, 
led by Harry Keen of Guy’s Hospital in London, combined under 
the aegis of the Kroc Foundation to conduct a randomized pilot 
trial comparing CT to CSII in 68 subjects with T1DM and mild to 
moderate background retinopathy.***” After 8 months, they found 
deterioration of retinopathy in the CSII group,™* which again 
proved to be transient, so that by 2 years’ follow-up, the two groups 
were indistinguishable, with a trend towards lesser deterioration in 
the CSII group.” Moreover, they found that in subjects with mi- 
croalbuminuria at the outset, there was an improvement in albumin 
excretion rate in the CSII group with no change in the CT 
group.” 


Oslo Studies 

The original Oslo study was initiated by Kristian Hanssen and 
his colleagues at the Aker Hospital in Oslo, Norway in 1980. In it, 
45 subjects with TIDM were randomized to one of three treat- 
ments: conventional (CT) twice-daily insulin, multiple insulin (MI) 
injections (4—5/d), or CSII.2*“* The randomization was maintained 
for 41 months, after which subjects could choose their own treat- 
ment. This study also demonstrated a transient deterioration in 
retinopathy with CSII,*? with the 2-year data showing less progres- 
sion of retinopathy in the MI and CSII groups than in the CT 
group,” but no significant difference in retinopathy at 41 months.*! 
Follow-up of the original study cohort continued through 8 years, 
by which time treatment assignment was no longer in effect. That 
long-term follow-up showed that retinopathy outcome was related 
to both baseline glycemic control and mean glycemic control over 
the duration of follow-up.” 

In the original Oslo study, mean urinary albumin excretion was 
only slightly elevated at the start of the study, but after 3-4 years 
showed a statistically significant decline in the CSII group, but not 
the other two groups.** Long-term follow-up of the original cohort 
after 7 years, by which time treatment assignment was no longer in 
effect, did show albumin excretion to be related to both baseline 
glycemic control and mean glycemic control over the 7-year fol- 
low-up period.***> Neurologic outcomes were also assessed after 8 
years.° It was found that there was a significant reduction in pe- 
ripheral motor and sensory nerve conduction velocity in subjects 
with poorer glycemic control. Lowering of glycemia retarded the 
deterioration. 

A second Oslo study randomized to CSII or CT 30 subjects 
with TIDM and early incipient nephropathy manifested by mi- 
croalbuminuria.*’** There have been two reports from these sub- 
jects, each assessing novel outcome measures. In one, glomerular 
charge selectivity was measured in 23 subjects over a 12-month pe- 
riod.” The microalbuminuric subjects had reduced (compared to 
normal) glomerular charge selectivity at baseline, which was cor- 
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rected by improved glycemic control. The second report described 
the results of serial renal biopsies performed in 18 subjects in this 
series at baseline and after 24-36 months. With improved 
glycemic control, there was less increase in basement membrane 
width. Moreover, in the CT group but not the CSI] group there was 
an increase in matrix/mesangial volume fraction and matrix star 
volume. There was a close relationship between glycemia and pro- 
gression of glomerular morphological changes. 


Stockholm Study 

In this study, the Stockholm Diabetes Intervention Study 
(SDIS) conducted by Per Reichard and Urban Rosenqvist in Stock- 
holm, Sweden, initially (in 1982) 102 subjects with TIDM, back- 
ground diabetic retinopathy, normal serum creatinine, and unsatis- 
factory glycemic control were randomly allocated to either 
standard insulin treatment or improved metabolic control using in- 
tensified insulin treatment. They were evaluated at baseline, at 18 
months, at 3 years, at 5 years (n = 96), and at 7.5 years (n = 89). 2-7 
Follow-up reports after 10 years also have appeared, although dur- 
ing the last 2.5 years excellent glycemic control was sought in all 
subjects.** 

In the experimental group with intensive treatment, over the 
initial 7.5 years of the study, mean glycosylated hemoglobin 
(HbA,,) (upper limit of normal 5.7%) was 7.1% (versus a baseline 
value of 9.5%), while the control group with standard treatment 
was 8.5% (versus a baseline value of 9.4%), the difference between 
groups being highly statistically significant (p <0.001). During the 
subsequent 2.5 years, the HbA,, values in the two groups con- 
verged slightly, with the previous intensive group rising to 7.3% 
and the previous standard group falling to 8.1%, still a significant 
difference (p <0.001). 

During the active 7.5-year treatment phase, cumulative rates of 
development of serious retinopathy*!**""* (i.e., that requiring laser 
photocoagulation) were 52% with standard treatment and 27% 
with intensive treatment, for a risk reduction of 48% with intensive 
treatment. The risk reduction for decreased visual acuity was 67%. 
When other variables influencing retinopathy progression were 
controlled for in logistic regression analysis, the effect of assign- 
ment to intensified treatment resulted in a risk reduction of 60%. In 
multivariate analysis, it was found that for every 1% increase in 
HbA,, during the period encompassing 6-60 months in the study, 
there was a 2.4-fold increased risk of developing serious retinopa- 
thy. 

During the active 7.5-year treatment phase, cumulative rates of 
development of nephropathy*”*?™ (i.e., an albumin excretion rate 
greater than 200 g/min) were 19.6% with standard treatment and 
2.3% with intensive treatment, for a risk reduction of 88% with in- 
tensive treatment. When other variables influencing retinopathy 
progression were controlled for in multivariate analysis, the effect 
of assignment to intensified treatment resulted in a risk reduction 
of 90%. Six of the subjects in the standard treatment group and 
none in the intensive treatment group developed nephropathy with 
a glomerular filtration rate below the normal range. 

There was not a statistically significant difference in the rate of 
development of clinical neuropathy™ during the active 7.5-year 
treatment phase. However, during the course of the study, deterio- 
ration in nerve conduction velocities (tibial, peroneal, sural nerves) 
was greater in the standard treatment group than the intensive treat- 
ment group. Cardiovascular autonomic nerve function was associ- 
ated with lower HbA,,, and after a mean of 11.4 years, autonomic 
function was better in the intensively treated group.*® 
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Early indices of atherosclerosis were explored in a subset of 
SDIS subjects.*’ Carotid arteries were scanned for plaques, intima- 
media thickness was measured, and arterial wall stiffness was cal- 
culated. Patients in the standard treatment group had stiffer arteries 
(p = 0.011) and thicker intimamedia in the common carotid artery 
(p = 0.009) than those in the intensive treatment group. Patients 
with lower HbA,, generally had better endothelial function (p = 
0.028) and less stiff arteries (p = 0.009). 

When the subjects were evaluated after 10 years, cumulative 
rates of development of serious retinopathy (63% versus 33%, p = 
0.003), nephropathy (26% versus 7%, p = 0.012), and symptoms 
of neuropathy (32% versus 14%, p = 0.041) all were higher in the 
standard treatment group than the intensive treatment group.” 

Other than the DCCT, of randomized controlled clinical trials 
designed to examine the influence of glycemic control on diabetic 
complications in T1DM, the SDIS is the largest trial and had the 
longest duration. It demonstrated that intensive insulin treatment 
retards the development of retinopathy and nephropathy, slows the 
rate of deterioration of nerve function, and perhaps positively im- 
pacts on early changes of atherosclerosis. 


Oxford Study 

The Oxford/Aylesbury (England) study group report in 1983 
involved random assignment of 74 patients with insulin-treated di- 
abetes (type 1 and type 2) and background retinopathy into two 
groups: usual diabetic care (group U) and more intensive care 
(group A) using basal Ultralente® insulin and preprandial regular 
insulin. Group A achieved lower glycosylated hemoglobin levels 
than group U. Group A also showed statistically better preservation 
of renal and sensory nerve function, as manifested by absence of 
change in creatinine clearance and vibratory perception threshold, 
parameters which showed some deterioration in group U. There 
was no significant difference in progression of retinopathy. 


Aarhus Studies 

The Aarhus (Denmark) group studied 24 subjects with T1DM 
and minimal or no retinopathy at the outset.°'®? They were ran- 
domly allocated to standard insulin therapy (CIT) or CSIJ. Both 
their 1-year and 3-year reports showed minimal progression of 
retinopathy, with no statistical difference between the groups. The 
l-year report found that elevated glomerular filtration rate was sig- 
nificantly improved in the CSII group, which also showed a decre- 
ment in albumin excretion rate that failed to reach statistical signif- 
icance. 

A separate study, also conducted in Aarhus, examined the in- 
fluence of glycemic control on renal function in 24 subjects with 
T1DM." Prior to intervention, there was hyperfunction manifested 
by hyperfiltration and nephromegaly. Elevated glomerular filtration 
rate was significantly reduced in the CSII group, whereas there was 
no reduction in the elevated renal plasma flow or nephromegaly. 


Italian Study 

The Italian National Research Council Study Group on Dia- 
betic Retinopathy, comprising investigators at the Universities of 
Padua, Milan, and Perugia, studied 38 subjects with TIDM and is- 
chemic background retinopathy, who were matched in pairs for 
gender, age, diabetes duration, and retinal status.“ The pairs were 
then randomly assigned to conventional therapy (CT) or CSII, and 
followed every 6 months for 2 years. Their report in 1989 demon- 


strated significant difference in glycemic control, and less deterio- 
ration of retinopathy in the CSII group. 


Naples Study 

Another Italian group in Naples randomized 44 subjects with 
T1DM and mild to moderate background retinopathy to usual con- 
ventional therapy (UCT) or intensified conventional therapy (ICT), 
and admitted them for 24-hour glucose profiles at baseline and 
after 1, 3, and 5 years.®° In this study, improved glycemic control 
did not prevent progression of retinopathy, which was similar in 
both groups. 


Paris Study 

An important study from Hotel Dieu in Paris was the first at- 
tempt at a prospective randomized study of diabetic retinopathy in 
TIDM.%*’ This study evaluated progression of background 
retinopathy in 52 subjects and reported that attempts at careful con- 
trol resulted in slower progression over 50 months of follow-up. 
Unfortunately, the study was marred by both a relatively crude end- 
point (number of microaneurysms) and by a high rate of crossover 
between groups.” It also antedated the era of glycosylated hemo- 
globin measurements. 


Guy’s Study 

A study from Guy’s Hospital randomized 12 patients with nor- 
mal albumin excretion rates, but increased glomerular filtration 
rates, to CSI or UCIT. They found that after 1 year, improved 
control in the CSII group resulted in normalization of glomerular 
filtration rate, but persistence of increased renal size. 


Helsinki Study 

A study from Helsinki enrolled 65 subjects with TLDM in a 
crossover study that spanned 1 year.” The duration was too short to 
see a beneficial effect on retinopathy. However, what was evident 
was an early worsening of retinopathy seen in other studies as a 
transient deterioration. 


Dallas Study 

The Dailas Diabetes Prospective Trial (DDPT) was initiated by 
Philip Raskin and colleagues in the early 1980s.’'~° Patients with 
TIDM were offered the opportunity to participate in an intensive 
treatment program using CSII. Thirty accepted, while 24 declined, 
remaining on their existing conventional treatment (CT), but 
agreed to follow-up evaluations over 4 years. Thus the DDPT is a 
nonrandomized, but prospective study. In it, there was sustained 
improvement in glycemic control in the CSII group, and no change 
in the CT group. There have been many reports from this study, and 
they have demonstrated, among other things, the following statisti- 
cally significant findings regarding microvascular complications: 
(1) Measurement of capillary basement membrane (CBM) width, 
thickening of which is the histologic hallmark of microangiopathy, 
showed there was thinning of thickened CBMs in the CSII group, 
in contrast to progressive thickening of CBMs in the CT group; "” 
(2) there was less progression of retinopathy with CSH (i.e., stabi- 
lization or improvement in retinopathy in the CSII group), in con- 
trast to stabilization or deterioration in the CT group;”*”* (3) 
among subjects with microalbuminuria at the outset, there was sta- 
bilization in the CSII group, and increased albumin excretion in the 
CT group:” and (4) there was improvement in nerve function in 
the CSII group.’*7¢ 
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The Diabetes Control and Complications 
Trial (DCCT) 


The DCCT examined whether intensive treatment with the goal of 
maintaining blood glucose concentrations close to the normal 
range could decrease the frequency and severity of diabetic micro- 
vascular and neurologic complications.’’-** It was conducted under 
the auspices the U.S. National Institutes of Health—specifically 
the National Institute of Diabetes, Digestive, and Kidney Diseases 
(NIDDK)—with the support of the National Heart, Lung, and 
Blood Institute, the National Eye Institute, the National Center for 
Research Resources, and various corporate sponsors. The DCCT 
was designed with sufficient statistical power to draw a relatively 
firm conclusion. The DCCT was conducted in 29 centers across 
North America (26 in the United States and 3 in Canada). Enroll- 
ment began in the early 1980s. A total of 1441 subjects with T1DM 
were enrolled. Of these, 726 subjects were recruited within the 
first 5 years after developing diabetes (mean duration at entry = 
2.5 years) and had no evidence of diabetic retinopathy or of mi- 
croalbuminuria at baseline (the primary prevention cohort). An- 
other 715 subjects were recruited within the first 15 years (mean 
duration at entry = 8.8 years) after developing diabetes and had 
mild to moderate background diabetic retinopathy with either nor- 
moalbuminuria or microalbuminuria (the secondary intervention 
cohort). Subjects had to be willing to accept random allocation to 
treatment group and maintain that treatment assignment for the du- 
ration of the study. They were randomly assigned either to inten- 
sive therapy or to conventional therapy. Intensive therapy involved 
insulin administered either by continuous subcutaneous insulin in- 
fusion (CSII) with an external insulin pump or by multiple daily in- 
sulin injections (MDI) (three or more injections per day), guided 
by frequent self-monitoring of blood glucose (SMBG) 3—4 times 
daily, with additional specified samples including a weekly over- 
night sample; meticulous attention to diet: and monthly visits to the 
treating clinic. Conventional therapy involved no more than two 
daily insulin injections, urine glucose monitoring or SMBG no 
more than twice daily, periodic diet review, and clinic visits every 
2-3 months. The subjects were followed for a minimum of 4 years 
and a maximum of 9 years, with a mean follow-up of 6.5 years (a 
mean of 6 years in the primary prevention cohort and of 7 years in 
the secondary intervention cohort), for a total of approximately 
9300 patient-years of observation. Of 1430 subjects alive at the end 
of the study, 1422 came for evaluation of outcomes. Throughout 
the study, 98-99% of available data were collected. 

The experimental group treated with intensive therapy 
achieved a median glycosylated hemoglobin (HbA,,) throughout 
the study of approximately 7.2% versus a value in the control 
group treated with conventional therapy of approximately 9.1% 
(p <0.001) (Fig. 54-3).’’ The upper limit of normal, and treatment 
target in the intensive group, was 6.05%. Thus even in the intensive 
group, the goal of normalization of HbA,, was not achieved. Yet the 
“glycemic separation,” or difference between the two groups, was 
statistically significant throughout the study. The mean blood glu- 
cose, obtained on periodic glucose profiles, was 155 mg/dL in the 
intensive group and 231 mg/dL in the conventional group, whereas 
the corresponding value for nondiabetic individuals is 110 mg/dL. 
(During pregnancy, all subjects received intensive therapy. There 
were a total of 287 pregnancies, among 189 subjects, including 146 
pregnancies in the conventional therapy group, during which treat- 
ment was temporarily changed, according to the study protocol.) 
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FIGURE 54-3. Measurement of glycosylated hemoglobin (HbA, 
DCCT patients with type 1 diabetes, assigned to intensive or convent 
therapy. Median values are shown. Differences are statistically signif 
at all time points after baseline (p < 0.001). (Adapted with permission, 
the DCCT Research Group.” ) 


The appearance and progression of retinopathy and other c 
plications were assessed regularly. Retinopathy was assessec 
seven-field fundus photography performed every 6 months. R: 
function was assessed by annual measurement of creatinine cl 
ance and albumin excretion rate on timed 4-hour urine sam 
measured in the clinics. Neuropathy was evaluated by clinical 
amination (neurologic history and physical examination), elec 
physiology (peripheral nerve conduction velocities), and autono 
nerve testing. The clinical and electrophysiologic evaluations v 
performed at baseline, at 5 years, and at study’s end. The a 
nomic testing was done every 2 years. 

The primary outcome in the DCCT was progression of diat 
retinopathy. Therefore, the DCCT had been planned to have 
statistical power to detect a 33.5% treatment effect for diat 
retinopathy. Many observers had hoped for at best a 40% reduc 
in event rates in the intensive therapy group versus the com 
tional therapy group. The results (Table 54-3) dramatically 
ceeded anyone’s wildest expectations.*? Cumulative 8.5-year r 
of clinically important sustained progression of diabetic retin 
thy (i.e., three or more steps change on the quantitative grat 
scale sustained at two consecutive 6-month visits) were 54.1% ' 
conventional treatment and 11.5% with intensive treatment in 
primary prevention cohort and 49.2% with conventional treatn 
and 17.1% with intensive treatment in the secondary interven 
cohort (Fig. 54-4). Thus retinopathy progression was significa 
reduced by 70.3% in the combined cohorts, by 78.5% for thos 
the primary prevention cohort with no retinopathy at entry, anc 
64.5% for those in the secondary intervention cohort with si 
retinopathy at entry. The analysis over time suggested that tl 
beneficial effects may actually be underestimated, since event r 
increased substantially in the conventional treatment group | 
time, while changing relatively little in the intensive treatn 
group. 

In the secondary intervention cohort, rates of progressio! 
retinopathy to more severe events were also reduced significai 
Progression to severe nonproliferative retinopathy or worse wa: 
duced by 60.8%. Progression to neovascularization was reduce: 
46.3%. The frequency of clinically significant macular edema 
reduced by 22.1%, but this did not achieve statistical significa 
The need for laser photocoagulation, an index of progressio 
sight-threatening retinopathy, was significantly reduced by 56‘ 
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TABLE 54-3 DCCT Risk Reduction for intensive Therapy (versus Conventional Therapy) 


Event Combined Cohorts Primary Cohort Secondary Cohort 
Diabetic retinopathy 
Clinically important sustained progression 70.3% 78.5% 64.5% 

1 yr duration diabetes prior to entry 92% 

5 yr duration diabetes prior to entry 771% 

10 yr duration diabetes prior to entry 64% 

15 yr duration diabetes prior to entry 53% 

Adolescents 53% 70% 
Progression to severe nonproliferative retinopathy or worse 60.8% 
Progression to neovascularization 46.3% 
Clinically significant macular edema 22.1% NS* 
Laser photocoagulation 56% 

Initial appearance of any retinopathy 27% 
Diabetic nephropathy 
Microalbuminuria AER} >28 g/min 39% 34% 43% 

Adolescents 55% 
Sustained microalbuminuria 60% 56% 61% 
“Advanced” microalbuminuria 51% 39% 56% 

AER 270 g/min 
Sustained “advanced” microalbuminuria 65% 54% 67% 
“Clinical grade albuminuria” 54% 44% NS 56% 

AER =208 ug/min 
Advanced nephropathy NS 

AER =208 pg/min + Cat < 70 mL/min / 1.73 m° BSA§ 

Diabetic neuropathy 

Incidence confirmed clinical neuropathy 64% 71% 61% 
Prevalence clinical neuropathy 48% 54% 45% 
Prevalence abnormal peripheral NCV’ U% 59% 38% 
Prevalence abnormal ANS* 53% 56% 51% 
Microvascular events 

Cardiac and peripheral vascular events combined 41% (p = 0.06) 

Elevated LDL**cholesterol > 160 mg/dL 35% 


*NS = not significant. 

tAER = albumin excretion rate. 

Cer = creatinine clearance. 

§BSA = body surface area. 

FNCV = nerve conduction velocity. 

#ANS = autonomic nervous system testing. 


**LDL = low-density lipoprotein. 


the combined cohorts. In addition, the initial appearance of any 
retinopathy (as opposed to clinically significant retinopathy) in the 
primary prevention cohort was significantly reduced by 27%. 

The DCCT investigators noted that the slowing in progression 
of retinopathy was substantial in magnitude, increased with time, 
was consistent across all outcome measures assessed, and was 
present across the spectrum of retinopathy severity enrolled in the 
DCCT. 

At the end of the DCCT, the patients in the conventional ther- 
apy group were offered intensive therapy, the care of all patients 
was transferred to their own physicians, and most were enrolled in 
the Epidemiology of Diabetes Interventions and Complications 
(EDIC) study, a long-term observational study.°°*? Retinopathy 
was evaluated by fundus photography in 1208 patients during the 
fourth year after the DCCT ended, and nephropathy was evaluated 
on the basis of urine specimens obtained from 1302 patients during 
the third or fourth year, approximately half of whom were from 
each treatment group. The difference in the median HbA,, values 
between the conventional therapy and intensive therapy groups 
during the DCCT (average, 9.1% and 7.2%, respectively) narrowed 


during follow-up (median during the first 4 years of follow-up, 
8.2% and 7.9%, respectively: p <0.001),”' and by year 6, both 
groups had HbA,, levels of 8.1%.” Nevertheless, during 4.5 years 
of EDIC follow-up, a smaller proportion of patients in the intensive 
therapy group than in the conventional therapy group had worsen- 
ing of retinopathy (76% adjusted odds reduction), progression to 
proliferative retinopathy (74% adjusted odds reduction), clinically 
significant macular edema (77% adjusted odds reduction) (all p 
<0.001), and the need for laser therapy (77% adjusted odds reduc- 
tion) (p = 0.002).°' The EDIC follow-up to DCCT demonstrates 
that the effects of any level of hyperglycemia increase exponen- 
tially over time and continue even after the differences between 
groups narrow. They suggest that intensive therapy offers a pro- 
longed benefit in terms of reduction in the risk of complications. 
Outcome measures related to diabetic nephropathy were also 
examined, and again dramatic improvements were observed,” ° 
yet these effects were not evident in the first 3-5 years of the study. 
The incidence of microalbuminuria, a sign of early renal damage, 
defined as an albumin excretion rate (AER) greater than 28 g/min 
(40 mg/24 h), was significantly reduced by 39% in the combined 
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FIGURE 54-4. Cumulative incidence in the DCCT of a sustained change in 
retinopathy (defined as a change in fundus photography of at least three 
grading scale steps from baseline that was sustained for at least 6 months) 
in patients with TIDM receiving intensive or conventional therapy in (A) 
the primary prevention cohort, and (B) the secondary intervention cohort. 
(Adapted with permission from the DCCT Research Group.” ) 


cohorts, by 34% in the primary prevention cohort, and by 43% in 
the secondary intervention cohort (Fig. 54-5A). The incidence of 
sustained microalbuminuria (i.e.. an AER >28 g/min on two con- 
secutive annual evaluations) was significantly reduced by 60% in 
the combined cohorts, by 56% in the primary prevention cohort, 
and by 61% in the secondary intervention cohort. More severe “ad- 
vanced” microalbuminuria (i.e., an AER =70 g/min [100 mg/24 
hJ), which data from the Steno studies suggested is more predictive 
of evolution into clinical nephropathy,’ ? was significantly reduced 
by 51% in the combined cohorts, by 39% in the primary prevention 
cohort, and by 56% in the secondary intervention cohort (Fig. 54- 
5B). The incidence of sustained “advanced” microalbuminuria 
with an AER =70 g/min on two consecutive annual evaluations, 
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FIGURE 54-5. Cumulative incidence in the DCCT of a clinical nephropa- 
thy (urinary albumin excretion =300 mg/24 h) (dashed lines) and microal- 
buminuria (urinary albumin excretion =40 mg/24 h) (solid lines) in pa- 
tients with TIDM receiving intensive or conventional therapy in (A) the 
primary prevention cohort. and (B) the secondary intervention cohort. 
(Subjects with baseline urinary albumin excretion =40 mg/24 h were ex- 
cluded from the analysis of development of microalbuminuria). (Adapted 
with permission from the DCCT Research Group.” ) 


was significantly reduced by 65% in the combined cohorts, by 54% 
in the primary prevention cohort, and by 67% in the secondary in- 
tervention cohort. Clinically significant renal damage, termed 
“clinical grade albuminuria” and defined as an AER =208 g/min 
(300 mg/24 h), was significantly reduced by 54% in the combined 
cohorts. This event was mostly confined to the secondary interven- 
tion cohort, where the reduction was by 56% (both for initial and 
sustained appearance). In the primary prevention cohort, there was 
a 44% reduction, but the event rate was so low that this did not 
achieve statistical significance. Advanced nephropathy, defined as 
an AER =208 g/min (300 mg/24 h) and a creatinine clearance 
below 70 mL/min/1.73 m? body surface area, developed very 
rarely. involving only seven subjects, two in the intensive group 
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and five in the conventional group. In the secondary intervention 
cohort, after the first year, there was a 6.5%/y increase in AER in 
the conventional group in contrast to essentially no change 
(—0.3%/y) in the intensive group. Neither the rate of change of 
blood pressure nor the appearance of hypertension differed signifi- 
cantly between treatment groups. 

During the EDIC follow-up of the DCCT, the proportion of pa- 
tients with an increase in urinary albumin excretion was signifi- 
cantly lower in the intensive therapy group at both the 4.5- and 6- 
year time points.?"?? After 6 years of EDIC, 4.2% of those in the 
intensive therapy group had newly diagnosed microalbuminuria 
(during EDIC) versus 12.7% in the conventional therapy group 
(69% adjusted odds reduction of prevalent microalbuminuria; 
p <0.0001). Likewise, after 6 years of EDIC, 0.6% were newly di- 
agnosed with clinical albuminuria in the intensive therapy group 
versus 5.4% in the conventional therapy group (87% adjusted odds 
reduction; p = 0.0022).”” 

Marked improvement in neuropathic outcomes was also seen, 
despite the fact that most of these were only assessed at baseline, at 
5 years, and at study’s end.’”*° (Autonomic nerve testing was done 
every 2 years.) Confirmed clinical neuropathy was defined as a his- 
tory and/or physical examination consistent with clinical neuropa- 
thy confirmed by either abnormal peripheral nerve conduction or 
autonomic nerve testing. The incidence of such confirmed clinical 
neuropathy in the combined cohorts after 5 years of follow-up was 
13% with conventional treatment and 5% with intensive treatment. 
This corresponded to a risk reduction of 64% in the combined co- 
horts, by 71% for those in the primary prevention cohort, and by 
61% for those in the secondary intervention cohort. The prevalence 
of clinical neuropathy was reduced by 48% in the combined co- 
horts, by 54% in the primary prevention cohort, and by 45% in the 
secondary intervention cohort. The prevalence of abnormal periph- 
eral nerve conduction was reduced by 44% in the combined co- 
horts, by 59% in the primary prevention cohort, and by 38% in the 
secondary intervention cohort. The prevalence of abnormal auto- 
nomic nerve testing was reduced by 53% in the combined cohorts, 
by 56% in the primary prevention cohort, and by 51% in the sec- 
ondary intervention cohort. Nerve conduction velocities generally 
remained stable with intensive therapy, while declining signifi- 
cantly with conventional treatment. On cardiovascular autonomic 
testing, in the secondary intervention cohort, R-R variation was 
less abnormal with intensive treatment (7% abnormal at 4—6 years) 
than conventional treatment (14% abnormal; p = 0.004).*! No sta- 
tistical difference was seen in the primary prevention cohort (p = 
0.17), but the difference was significant in the combined cohorts 
(5% versus 9%; p = 0.0017). There were few abnormal Valsalva 
ratios or postural tests during the trial, and no differences between 
groups. However, both the R-R variation and the Valsalva ratio had 
significantly greater slopes of decline over time in the conventional 
treatment group than the intensive treatment group. 

These beneficial effects of intensive therapy were not without 
associated risks. The chief adverse event associated with intensive 
therapy was a threefold increase in severe hypoglycemia,” defined 
as those episodes requiring assistance of another person to recover, 
confirming earlier DCCT reports.” This included a threefold in- 
creased risk of coma or seizures consequent to hypoglycemia. 
Emergency room visits or hospitalization for hypoglycemia was in- 
creased 2.3-fold in the intensive therapy group. There were no 
deaths attributable to hypoglycemia among subjects in either treat- 
ment group, although a study patient was involved in a motor vehi- 
cle accident leading to the death of a nonstudy participant. Impor- 


tantly, 53% of severe hypoglycemic episodes occurred during 
sleep, and 35% occurred without warning symptoms while awake. 
In the earlier report," it was noted that 23% of severe hypo- 
glycemic episodes were associated with missed meals. 

There was also increased weight gain among intensive treat- 
ment subjects.” This group had a 33% increased risk of becoming 
overweight, defined as 120% of ideal body weight. Average weight 
gain was 10.1 lb greater in the intensive group. With intensive 
treatment, subjects in the fourth quartile of weight gain had the 
highest body mass index (BMI), blood pressure, and levels of 
triglyceride, total cholesterol, low-density lipoprotein cholesterol 
(LDL-C), and apolipoprotein B compared with the other weight 
gain quartiles, with the greatest difference seen when compared 
with the first quartile.** 

Infections at sites of catheters used for continuous subcuta- 
neous insulin infusion (CSII) occurred at a rate of 12 episodes per 
100 patient-years of follow-up. Since CSII was only used in the in- 
tensive group, all of these infections were in those subjects. 

Importantly, there was no difference in frequency of diabetic 
ketoacidosis between groups, both having an event rate of approxi- 
mately two episodes per 100 patient-years of follow-up. Moreover, 
there was no difference between groups in neurobehavioral events, 
which might be indicative of brain insult consequent to hypo- 
glycemia. Also, there was no difference between groups in psycho- 
logical symptom scores or quality of life. 

The DCCT examined whether the effects of intensive therapy 
could be demonstrated in the subset of adolescent subjects (13-17 
years of age at entry) who participated in the trial.“ There were 
125 adolescent subjects in the primary prevention cohort, and 70 in 
the secondary intervention cohort. Intensive therapy effectively de- 
layed the onset and slowed the progression of diabetic retinopathy 
and nephropathy when initiated in adolescent subjects. Among 
adolescents, intensive therapy decreased the risk of having 
retinopathy by 53% in the primary prevention cohort, and de- 
creased the risk of retinopathy progression by 70% in the second- 
ary intervention cohort. It also decreased the occurrence of mi- 
croalbuminuria by 55% in the secondary intervention cohort. 
Motor and sensory nerve conduction velocities were faster in inten- 
sively treated adolescent subjects. As in the entire study sample, 
the major adverse event with intensive therapy was a nearly three- 
fold increase of severe hypoglycemia. 

Macrovascular events, both cardiac and peripheral vascular, 
were not significantly reduced in the primary analysis. Yet the out- 
come, when episodes of cardiac and peripheral vascular events are 
combined, showed a 41% risk reduction, which was just short of 
being statistically significant (p = 0.06). Certainly there was no evi- 
dence, as was feared by some critics, of an increased rate of 
macrovascular events in the intensive treatment group. The risk of 
developing an elevated LDL cholesterol, defined as a value greater 
than 160 mg/dL, was significantly reduced by 35% overall. The risk 
of developing other lipid abnormalities was not significantly af- 
fected, yet the original DCCT analysis’”** counted first events in any 
subject. In the context of a meta-analysis that considered the com- 
bined risk of all fatal and nonfatal macrovascular events (not just first 
events), the DCCT results showed risk reductions of 57% in the pri- 
mary prevention cohort and 71% in the secondary intervention co- 
hort, both of which were statistically significant.” Although in this 
analysis the results were driven by a relatively small number of 
DCCT patients with multiple events, taken together with the near sta- 
tistical significance in the primary analysis, it is suggestive of a ben- 
eficial effect of intensive therapy on macrovascular complications. 
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In an analysis primarily focusing on the costs of implementa- 
tion of intensive therapy, it was calculated that intensive therapy re- 
sulted in 15.3 years of living without complications and a gain of 
5.1 years in life expectancy.*° 

In subsequent analyses, the DCCT investigators examined the 
relationship of glycemic exposure to the risk of development and 
progression of diabetic complications.*”** Using multiple regres- 
sion analyses employing generalized estimating equations, and a 
number of regression models to assess risks, they found that total 
glycemic exposure was the dominant factor associated with risk of 
retinopathy progression (the principal DCCT outcome measure), 
with comparable results seen with other retinal outcome measures 
and with renal and neurologic outcome measures. Total glycemic 
exposure is defined as the baseline HbA,, related to duration of di- 
abetes prior to study entry, the mean study HbA,, related to time in 
the study, and the interaction between these variables. This is 
demonstrated in Fig. 54-6, which shows the impact of treatment 
group and time on absolute risk of sustained retinopathy progres- 
sion.** Within each treatment group, the mean HbA,, during the 
trial was the dominant predictor of retinopathy progression (and 
the other outcome measures), with a continuous risk gradient with- 
out an apparent glycemic threshold. Figure 54-7" shows a stylized 
model of the kind of continuous risk gradients demonstrated by the 
DCCT results, in which the event rate for any outcome measure is 
set to “1” for an HbA,, of 6%. 

Risk increased with time in the study in the conventional treat- 
ment group but remained relatively constant in the intensive treat- 
ment group.” In addition, the initial level of HbA), at eligibility 
screening and the duration of diabetes at entry were identified as 
baseline variables that predicted risk of progression. The shorter 
the duration of disease, the greater the benefit seen. Nevertheless, 
substantial benefit still accrued regardless of duration of diabetes 
prior to entry. Whereas retinopathy progression was significantly 
reduced by 70.3% overall, the risk reduction was 92% for those 
with only 1 year of diabetes prior to entry, 77% for those with 5 
years of diabetes prior to entry, 64% for those with 10 years of dia- 
betes prior to entry, and 53% for those with 15 years of diabetes 
prior to entry. 

Thus intensive therapy effectively delays the onset and slows 
the progression of diabetic retinopathy, diabetic nephropathy, and 
diabetic neuropathy in patients with T1DM. It results in increased 
life expectancy and a prolonged period free of complications. 


FIGURE 54-6. Absolute risk of sustained retinopathy progression by years 
of follow-up and treatment group in the DCCT. With time, the curves di- 
verge, suggesting that the bencficial effects of intensive therapy may be un- 
derestimated. (Adapted with permission from DCCT Research Group.™). 
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FIGURE 54-7. Stylized relative risks for development of various complica- 
tions as a function of mean HbA,, during follow-up in the DCCT. For the 
purposes of illustration, the relative risk of various complications is set to 1 
at HbA,, of 6%. The liges depict a stylized relationship for risk of sustained 
progression of retinopathy (diamonds), progression to clinical nephropathy 
(urinary albumin excretion 2300 mg/24 h) (open circles), progression to 
severe nonproliferative or proliferative retinopathy (solid squares). pro- 
gression to clinical neuropathy (solid triangles), and progression to mi- 
croalbuminuria (urinary albumin excretion =40 mg/24 h) (open squares). 
(Adapted with permission from Skyler.*’) 


There may be beneficial effects on macrovascular disease, but 
these have yet to be convincingly demonstrated. The risks of inten- 
sive therapy are increased frequency of severe hypoglycemia and 
greater weight gain. The benefits more than outweigh the risks in 
most patients with TI1DM. Therefore, intensive therapy, with the 
goal of achieving glucose levels as close to the nondiabetic range 
as possible, should be employed in most patients with T1DM. 


Intervention Trials: Type 2 Diabetes 


The Kumamoto Study 

The Kumamoto Study was designed to be similar to the DCCT, 
except the subjects had T2DM.°>"° Thus the study contrasted in- 
tensive insulin therapy (multiple daily injections—preprandial reg- 
ular and bedtime intermediate-acting insulin) and conventional in- 
sulin therapy (once or twice daily intermediate-acting insulin) in 
two cohorts—a primary prevention cohort and a secondary inter- 
vention cohort. A total of 110 thin Japanese patients with T2DM 
were randomized. Of these, 102 subjects completed the initial 
6-year study,”* with 99 subjects completing 8 years of follow-up,” 
and 97 subjects completing 10 years of follow-up.” 

Over the initial 6 years of follow-up, the glycemic outcomes 
and risk reductions were almost identical to those found in the 
DCCT. In the experimental group with intensive treatment, mean 
glycosylated hemoglobin (HbA,,: upper limit of normal 6.4%) was 
reduced from 9.0% to 7.1% versus no change in the control group 
with standard treatment—9.2% to 9.4% (p < 0.001).* The 8-year 
mean HbA,, was similar to that at 6 years—7.2% in the intensive 
group and 9.4% in the conventional group.” The mean blood glu- 
cose (over 6 years) was 157 mg/dL in the intensive group and 221 
mg/dL in the conventional group. similar to that seen in the DCCT. 
Likewise, there were significant differences between groups in 
fasting blood glucose, mean amplitude of glycemic excursions 
(MAGE), and M value (an index of lability of glycemia). 

The 6-year risk reduction™ for two-step progression of dia- 
betic retinopathy overall was 65% by crude relative risk analysis 
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and 69% by proportional hazards analysis. The risk reduction was 
76% for those in the primary prevention cohort, and 65% for those 
in the secondary intervention cohort. In addition, in the secondary 
intervention cohort, progression of retinopathy to proliferative or 
severe nonproliferative retinopathy was reduced by 40%, and the 
need for laser photocoagulation also was reduced by 40%. By 10 
years, crude relative risk reductions for the combined cohorts were 
67% for retinopathy progression, 69% for progression of retinopa- 
thy to proliferative or severe nonproliferative retinopathy, and 77% 
for photocoagulation.” 

Nephropathy was divided into three stages depending on uri- 
nary albumin excretion—normoalbuminuria (<30 mg/24 h), mi- 
croalbuminuria (30-300 mg/24 h), or clinical grade albuminuria 
(>300 mg/24 h). Overall risk of nephropathy progression was re- 
duced by 70%—microalbuminuria by 57%, and albuminuria by 
100% (a statistical anomaly because no clinical-grade albuminuria 
appeared in the intensive group).”* By 10 years, overall crude rela- 
tive risk reduction for nephropathy progression in the combined 
cohorts was 66%.” 

Motor and sensory nerve conduction velocities and vibration 
thresholds were better in the intensive group than the conventional 
group at 6 years and 8 years.” By 10 years, overall crude relative 
risk reduction for clinical neuropathy in the combined cohorts was 
64%.” 

Macrovascular events—combined cardiac; cerebrovascular, 
and peripheral vascular events—were said to bé reduced by 54% in 
the original report,” but the total number of events was very low. 
By 10 years, the 95% confidence interval (2-78%) for overall 
crude relative risk reduction for reduction of macrovascular events 
in the combined cohorts became significant, with a nominal risk re- 
duction of 54%.” Diabetes-related deaths over 10 years were re- 
duced by 81%.” 

In contrast to the DCCT, hypoglycemia was not a problem. 
Over the entire study period, six patients in the intensive group and 
four patients in the conventional group had one or more episodes of 
mild hypoglycemia, while no patient had seizure, coma, or severe 
hypoglycemia requiring the assistance of another person. Likewise, 
weight gain was not a major problem. There was a slight but not 
significant increase in BMI in both groups from baseline to 6 years. 

Thus in this randomized controlled study designed to examine 
the influence of glycemic control on diabetic complications in 
T2DM, intensive therapy was found to delay the onset and the pro- 
gression of early stages of retinopathy, nephropathy, and neuropa- 
thy, and to decrease the frequency of macrovascular events. 


The United Kingdom Prospective 

Diabetes Study (UKPDS) 

The United Kingdom Prospective Diabetes Study (UKPDS), a 
randomized, multicenter controlled clinical trial, demonstrated that 
an intensive treatment policy in T2DM, with the goal of meticulous 
glycemic control, could decrease clinical diabetic complica- 
tions.””™!° The UKPDS was conducted in 23 centers. Enrollment 
was between 1977 and 1991, and end-of-study evaluations were 
performed during 1997. UKPDS screened 7616 newly diagnosed 
patients who had the clinical phenotype of T2DM.°”* Of these, 
5102 were recruited and completed a 3-month vigorous dietary 
treatment run-in period. Of these, 744 continued to manifest symp- 
toms and/or had fasting plasma glucose (FPG) greater than 270 
mg/dL and were excluded from the main treatment protocol. An- 
other group attained FPG less than or equal to 108 mg/dL and were 
initially excluded from randomization, but could be randomized 


later if their subsequent FPG exceeded 108 mg/dL, with the excep- 
tion of 149 individuals who were either lost or never reached the 
108 mg/dL threshold. Thus a total of 4209 individuals with newly 
diagnosed T2DM were randomized in the main protocol. At entry, 
they were 25-63 years of age (median 53 years). 

Subjects were randomly assigned either to “intensive treatment 
policy” (originally called “active treatment policy”) or “conven- 
tional treatment policy.” Intensive policy aimed at achieving fasting 
plasma glucose of 108 mg/dL using various pharmacologic agents. 
Conventional policy attempted control with diet alone, adding 
pharmacologic therapy when symptoms developed or fasting 
plasma glucose exceeded 270 mg/dL. The randomization was not 
balanced, as there were several arms in the intervention group. 
These included insulin, sulfonylureas, and among obese patients, 
metformin, but it was a bit more complicated than that. In the first 
15 (of the 23) centers, the sulfonylureas were either glyburide 
(glibenclamide) or chlorpropamide, and it was only in these 15 
centers that obese patients could receive metformin. In the last 
eight centers, the sulfonylureas were either glipizide or chlor- 
propamide. Moreover, in these eight centers the protocol was dif- 
ferent and involved early addition of insulin if FPG could not be 
maintained lower than 108 mg/dL. It is important to note that ther- 
apeutic additions (in contrast to dose titrations) could not otherwise 
be made unless FPG reached 270 mg/dL, with the exception of 
some subgroups to be discussed later. 

The primary outcome measures in the UKPDS were three ag- 
gregate end-points—“any diabetes-related endpoint” (sudden 
death, death from hyperglycemia or hypoglycemia, myocardial in- 
farction, angina, heart failure, stroke, renal failure, amputation, vit- 
reous hemorrhage, retinopathy requiring photocoagulation, blind- 
ness in one eye, or cataract extraction), “diabetes-related death” 
(death from myocardial infarction, stroke, peripheral vascular dis- 
ease, renal disease, hyperglycemia or hypoglycemia, and sudden 
death), and all-cause mortality.” Multiple other individual clini- 
cal and surrogate subclinical end-points were also assessed. Addi- 
tional clinical end-point aggregates were used: myocardial infarc- 
tion (fatal and nonfatal) and sudden death, stroke (fatal and 
nonfatal), amputation or death due to peripheral vascular disease, 
and microvascular complications (retinopathy requiring photoco- 
agulation, vitreous hemorrhage, and renal failure). 

The primary analysis was based on the “intention to treat” 
principle—comparing subjects assigned “intensive policy” or 
“conventional policy.””” Inexplicably, those obese subjects ran- 
domized to metformin were not included in the primary “intention 
to treat” analysis. Since these subjects were randomized with the 
other subjects,” there appears to be no reason for them to have 
been excluded from analysis. Although the investigators claim they 
never intended to include them in the primary analysis, that might 
be inappropriate, since a major aspect of the “intention to treat” 
principle is to include all subjects randomized. 

Secondary analyses of the effects of individual treatments also 
were reported. In one paper, the results of treatment with glyburide, 
chlorpropamide, or insulin among subjects in the first 15 centers 
were compared.” In a second paper, the results of treatment with 
metformin among obese subjects in the first 15 centers also were 
considered." 

The intensive policy group achieved a median HbA,, of 7.0% 
versus 7.9% in the conventional policy group (p < 0.001) (Fig. 
54-8).” Initially, with vigorous dietary therapy during the 3-month 
run-in period, there was a dramatic reduction of HbA,,, from 
~9.0% to 7.08%, accompanied by a weight loss of ~5 kg (~11 
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FIGURE 54-8. Measurement of glycosylated hemoglobin (HbA,,) in 

UKPDS patients with T2DM assigned to intensive treatment policy or to 

conventional treatment policy. Median values are shown. Differences over 

the course of the study are statistically significant (p < 0.0001). (Adapted 

with permission from UKPDS Group.” ). 


Ib).°8 Over the first few years, the intensive policy group achieved 
HbA, levels in the 6% range, while the conventional policy group 
maintained HbA,, levels in the 7% range. Subsequently, there was 
a progressive deterioration in glycemia over time. Nevertheless, 
approximately the same degree of glycemic separation was main- 
tained for 6-20 years, with a median duration of follow-up of 11.1 
years. 

As noted, the pnmary outcome measures in the UKPDS were 
three aggregate end-points—“any diabetes-related endpoint,” “‘dia- 
betes-related death,” and all-cause mortality. Of these, only any di- 
abetes-related endpoint was significantly impacted—a 12% risk re- 
duction.” In addition, risk reductions were seen for other 
end-points. Patients assigned intensive policy had a significant 
25% risk reduction in microvascular end-points compared with 
conventional policy (p <0.01), most of which was due to fewer 
cases of retinal photocoagulation, for which there was a 29% risk 
reduction (p <0.005).°? There was also a decreased risk of cataract 
extraction (24% risk reduction), deterioration in retinopathy (21% 
risk reduction at 12 years’ follow-up), and of microalbuminuria 
(33% risk reduction at 12 years’ follow-up).°”” 

The only macrovascular end-point that demonstrated a trend in 
risk reduction in the main analysis was myocardial infarction (16% 
risk reduction), which did not quite reach statistical significance 
(p = 0.052).” In the metformin subgroup analysis within UKPDS, 
however, there were significant risk reductions in diabetes-related 
deaths (42% risk reduction, p = 0.017), any diabetes-related end- 
point (32% risk reduction, p = 0.0023), and myocardial infarction 
(39% risk reduction, p = 0.01).'® In the metformin subgroup, a 
combined analysis of all macrovascular end-points (myocardial in- 
farction, sudden death, angina, stroke, peripheral vascular disease) 
showed a risk reduction of 30% over the conventional therapy 
group (p = 0.02).'© Had the metformin subjects not been excluded 
from the primary analysis, the overall risk reduction for myocardial 
infarction would have been 18%, and likely would have achieved 
statistical significance. 

In analyzing the individual therapies, the major difference was 
the increased risk reduction for macrovascular disease seen in the 
relatively small obese subgroup treated with metformin.’ There 
was an even smaller subgroup in which metformin was added early 
to sulfonylurea-treated patients in a randomized design.'™ In this 
subgroup, there was an inexplicable difference in outcome, partic- 
ularly diabetes-related deaths, which were higher in the combined 
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metformin-sulfonylurea group than those who continued on sul- 
fonylureas alone. A subsequent analysis suggested that the ex- 
pected death rate was higher than that observed in either group, al- 
though the sulfonylurea group had a statistically significantly lower 
rate than either that expected or that seen in the metformin- 
sulfonylurea combination group.'®! With sulfonylurea therapy, 
there was no evidence of deleterious effect on myocardial infarction, 
sudden death, or diabetes-related deaths.” With insulin therapy, 
there was no evidence for more atheroma-related disease.” Thus in 
UKPDS, there was no evidence of an adverse effect of insulin or in- 
sulin secretagogues on macrovascular disease, thus negating the er- 
roneous (but widely held) belief that increasing insulin availability 
may in some way be detrimental to patients with diabetes. 

The overall risk reductions found in the UKPDS are shown in 
Table 54-4. 

In a subsequent analysis, performed across all UKPDS sub- 
jects, the relationship between exposure to glycemia over time and 
the risk of macrovascular or microvascular complications was de- 
termined.” The incidence of clinical complications was signifi- 
cantly associated with glycemia. Each 1% reduction in updated 
mean HbA,, was associated with reductions in risk of 21% for any 
end-point related to diabetes (p <0.0001), 21% for deaths related 
to diabetes (p <0.0001), 14% for myocardial infarction (p 
<0.0001), 43% for peripheral vascular disease (p <0.0001), and 
37% for microvascular complications (p <0.0001). No threshold 
of risk was observed for any end-point. Figure 54-9 depicts the re- 
lationship between updated mean HbA,, (glycemic exposure) and 
incidence of microvascular disease and myocardial infarction. "° 

Thus the UKPDS provides substantial evidence that glycemic 
control impacts also on T2DM. The continuous relationship of 
glycemic exposure to risk of complications, without a threshold, '° 
is similar to that seen in T!DM in the DCCT.*”** Taken together, 
these findings suggest that the target for glycemic control should be 
an HbA}. level as close to normal as feasible. 


POST-TRANSPLANTATION STUDIES 


Histologic studies on biopsy specimens of transplanted kidneys 
permit study of the influence on renal structure of the metabolic 
milieu in which the kidney exists. The University of Minnesota 
Transplantation Program has provided much of the available data. 
These human observations, although confined to a few individuals, 


TABLE 54-4 UKPDS Risk Reduction for Intensive Therapy (versus 
Conventional Therapy) 


Event Main Analysis Metformin Subgroup 
Any diabetes-related end-point 12% 32% 
Diabetes-related deaths NS 42% 
All-cause mortality NS 36% 
Myocardial infarction 16% (p = 0.52) 39% 
Microvascular end-points 25% NS 
Fatal myocardial infarction NS 50% 
Laser photocoagulation 29% NS 
Cataract extraction 24% NS 
Retinopathy at 12 years 21% NS 
Microalbuminuria at 12 years 33% NS 


Percentage risk reduction for various UKPDS outcome measures in main analysis 
and in Metformin Subgroup. 


NS = not significant. 
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FIGURE 54-9. UKPDS epidemiologic analysis depicting the relationship 
between updated mean HbA,, (glycemic exposure) and incidence of mi- 
crovascular disease (circles) and of myocardial infarction (diamonds). 
(Adapted with permission from Stratton et al.) 


provide further powerful and persuasive evidence about the rela- 
tionship between glycemic control and evolution of diabetic com- 
plications. Only one randomized intervention study examined renal 
histology,” and it is consistent with a wealth of similar animal data 
which demonstrate that the metabolic milieu in which the kidney 
exists influences its histologic structure. In a hyperglycemic milieu, 
histologic features of diabetic nephropathy unfold. In a normo- 
glycemic metabolic milieu, histologic changes do not appear and 
existing changes regress. The studies are summarized below. 


Kidneys from Nondiabetic Donors 
in Diabetic Recipients 


Michael Mauer, David Sutherland, and their coworkers in Min- 
nesota have demonstrated that typical diabetic histologic changes, 
both glomerular changes and immunohistologic changes specific 
for diabetes, invariably develop in normal kidneys transplanted 
into patients with diabetes, usually within 2 years of transplanta- 
tion, 103-105 Comparable changes are not seen in kidneys trans- 
planted into nondiabetic individuals. 


Kidneys in Pancreas Transplant Recipients 


In a series from the University of Minnesota, successful pancreas 
transplantation which normalized glycemia resulted in signifi- 
cantly less severe diabetic glomerulopathy in the transplanted kid- 
neys of 12 diabetic patients than was seen in 13 matched diabetic 
patients who received renal allografts but did not have a pancreas 
transplant.” A recent larger confirmatory report from the Stock- 
holm group reports similar findings in 20 diabetic patients after 
successful combined pancreatic and renal transplantation com- 
pared to 30 diabetic recipients after kidney transplantation only.'% 
These series were heralded by an early report from Gliedman and 
colleagues,'” who in a single patient noted that renal histology re- 
mained normal 4 years after combined renal and pancreatic trans- 
plantation. In addition, Bohman and associates have described a 
similar experience in two cases. '™” The Minnesota group also noted 
that pancreas transplantation results in regression of recurrent early 


diabetic nephropathy present at the time of pancreas transplanta- 
tion 125! 


Interestingly, in their first report, the Minnesota group noted a 
failure to see regression of more advanced lesions of diabetic 
nephropathy in the native kidneys 5 years after having had a pan- 
creas transplant in patients who had not received kidney 
grafts.''°''! However, after 10 years, thickness of the glomerular 
and tubular basement membranes had decreased in comparison to 
baseline values.''' Moreover, mesangial fractional volume (the 
proportion of the glomerulus occupied by the mesangium) had de- 
creased at 10 years, mostly because of a reduction in mesangial 
matrix.’ 

It should be noted that in contrast to the beneficial effects of 
pancreas transplantation on renal histology, no effects are seen on 
retinopathy.''”'!? However, it should be noted that most pancreas 
transplant recipients have had such advanced retinopathy that they 
may be beyond the stage of measurable impact. 


Kidneys from Diabetic Donors 
in Nondiabetic Recipients 


George Abouna and coworkers from Kuwait have reported dra- 
matic changes in kidneys taken from a diabetic donor and trans- 
planted into two nondiabetic recipients.''*'!> At the time of trans- 
plantation, the kidneys showed some histologic features of diabetic 
nephropathy. although Mauer has cautioned that the histologic 
changes demonstrated by Abouna and associates are not the lesions 
most representative of diabetic nephropathy.'!® The renal changes 
in the donated organs had reversed on biopsies taken 7 months post- 
transplant, during which both recipients remained euglycemic.'' 
Fifteen months after transplant, one of the recipients developed 
steroid-induced hyperglycemia, and required initiation of insulin 
therapy. Twelve months later, he developed clinical evidence of 
renal disease, and on rebiopsy 30 months after transplant, the kid- 
ney showed recurrence of diabetic nephropathy. ''* 


CONCLUSIONS 


There is no doubt that hyperglycemia is essential to the develop- 
ment of diabetic microangiopathy. Multiple randomized controlled 
intervention studies have convincingly demonstrated that. In par- 
ticular, the overall results reported by the DCCT dramatically ex- 
ceeded all expectations. The benefits of intensive therapy include a 
slowing of the onset and progression of diabetic retinopathy, dia- 
betic nephropathy, and diabetic neuropathy. The risks of intensive 
therapy are increased frequency of severe hypoglycemia and 
greater weight gain. These risks clearly must be considered when- 
ever intensive therapy is contemplated. However, although in the 
DCCT there was a threefold increased risk for hypoglycemia in the 
intensive therapy group, for coma or seizure this amounts to one 
episode every 6.25 patient-years of follow-up, versus one episode 
every 20 patient-years of follow-up in the conventional treatment 
group. This may very well be tolerable. Thus the benefits of inten- 
sive therapy would seem to be worth the risks in most patients with 
T1DM. Therefore, intensive therapy, with the goal of achieving 
glucose levels as close to the nondiabetic range as possible, should 
be the standard management approach in most patients with 
TIDM. 

The analyses from the Wisconsin Epidemiologic Study of Dia- 
betic Retinopathy (WESDR) and similar epidemiologic studies 
show that the relationship between glycemia and diabetic compli- 
cations is present in both type | and type 2 diabetes. The results of 
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the UKPDS and the Kumamoto Study suggest that meticulous 
glycemic control also should be the therapeutic goal in T2DM. 
However, since the major morbidity and mortality in T2DM is a 
consequence of accelerated atherosclerosis, which is multifactorial 
in nature and not merely related to prevailing glycemia, attention 
also needs to be paid to other risk factors, such as high blood pres- 
sure, an excess of lipids, and cigarette smoking. 

There is also a general relationship between degree of hyper- 
glycemia as manifested by mean level of HbA,, (or glycemia- 
years, analogous to pack-years of smoking) and the frequency, 
severity, and progression of microangiopathy. In both the UKPDS 
and the DCCT, the relationship between glycemic exposure and 
risk of development of complications was evident across the range 
of HbA < and without evidence of a threshold.*"*' In UKPDS, 
when subjects were examined by HbA,, category, there was a log- 
linear relationship between HbA,, and risk of complications, with- 
out evidence of a threshold.'° In the DCCT, where the relationship 
was examined continuously rather than categorically, an exponen- 
tial relationship was seen between HbA,, and risk of complica- 
tions,*’** again without evidence of a threshold.* This supports 
the view that the lower the glycemic exposure, the lower the risk of 
complications. However, the quantitation of the relationship be- 
tween hyperglycemia and microangiopathy in an individual patient 
may be influenced by other factors, including coexisting hyperten- 
sion and genetic predisposition. Thus some individuals may be 
more genetically prone to microangiopathy, and so may develop 
these complications in the face of little hyperglycemia, while oth- 
ers with less genetic predisposition may escape complications in 
spite of substantial hyperglycemia. Nevertheless, it would appear 
that in most cases, regardless of a person's genetic substrate, the 
degree of hyperglycemia directly influences the risk of microan- 
giopathy. 

The evidence that glycemic control makes a difference in dia- 
betic complications should serve to refocus the debate not only on 
the best means of attaining effective glycemic control, but also on 
the therapeutic targets that should be sought. Ironically, as noted by 
Robert Tatersall in his lucid historical review, “The Quest for Nor- 
moglycemia,” the goal articulated by the DCCT investigators of 
maintaining glycemic status as close to normal as safely possible is 
identical to that recommended in 1923, shortly after the discovery 
of insulin." 

It should be noted, however, that no available intervention, 
save the drastic approach of pancreas transplantation, uniformly 
permits normalization of glycemia. All of the cited intervention 
studies achieved statistically significant glycemic separation be- 
tween groups; none achieved normoglycemia. If normoglycemia is 
necessary to completely prevent, delay, or slow microangiopathy, 
then we cannot expect to totally prevent microangiopathy. How- 
ever, because there is a continuous relationship between prevailing 
glycemia and risk of progression of complications, any improve- 
ment in glycemic control is beneficial. Therefore, a prudent clinical 
approach is to select treatment goals and treatment strategies that 
are individualized for each patient and that are designed to achieve 
the best control reasonably attainable in that patient, without 
adding unnecessary risk. In striving for meticulous control, we 
should therefore focus on those patients with longest life ex- 
pectancy, while being slightly less aggressive in those with in- 
creased risk factors for devastating problems consequent to hypo- 
glycemia. Meanwhile, we should expend our best efforts in 
devising and implementing newer therapeutic strategies that will 
more closely approximate metabolic normality. When that is ac- 
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complished, we have the potential of eliminating the microangio- 
pathic complications of diabetes mellitus. 
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INTRODUCTION 


B-Cell (beta cell) replacement by transplantation of a pancreas 
either as an immediately vascularized organ or as a free graft of iso- 
lated islets is the only treatment of type I diabetes mellitus (T1DM) 
that can make an afflicted individual independent of exogenous in- 
sulin (termed insulin independence). Pancreas transplantation has 
been able to consistently do so in a large number of patients at 
many centers throughout the world for more than a decade. ' 

Historically, islet transplantation has been less successful for a 
variety of reasons,” but the gap is narrowing. Recently one center 
reported achieving insulin independence in several consecutive 
diabetic recipients by sequential grafting of islets obtained from 
more than one donor and using a relatively nondiabetogenic steroid- 
free immunosuppressive regimen.” Another center reported achiev- 
ing insulin independence in a few patients following transplanta- 
tion of islets obtained from one donor per recipient.” 

In the latter series at the University of Minnesota,” the recipi- 
ents had a low body mass index (BMI), while the donors had a high 
BMI. Thus the number of islets transplanted per unit weight in the 
Minnesota recipients from one donor was similar to that using mul- 
tiple donors in the other series at the University of Alberta.” These 
series show that pancreatic islet transplantation could eventually 
supersede vascularized pancreas transplantation as the means for 
B cell replacement therapy for the majority of diabetic candidates, 
but the transition will not be complete until islet transplantation 
mimics the efficiency of pancreas transplantation. One pancreas 
graft usually suffices to induce insulin independence regardless of 
the recipient’s exogenous regimens. In addition, only a few centers 
currently possess the infrastructure to do islet isolation on a large 
scale, while pancreas transplants can be done at most centers with 
the logistics and infrastructure already developed for solid organ 
transplantation in general. In the interim, an integrated approach 
may be possible by selecting low-BMI diabetics for islet transplan- 
tation and using high-BMI donors for this population, while high- 
BMI diabetics receive pancreas grafts from low-BMI donors. 

This chapter focuses on pancreas transplantation as an imme- 
diately vascularized graft. The rationale and objectives are the 
same as for islet transplantation. For candidates in whom islet 
transplantation can replace pancreas transplantation, the main ben- 
efit will be in elimination of the surgical complications that are as- 


sociated with the latter. Currently, both approaches require gener 
ized immunosuppression to prevent rejection. Strategies to indu 
specific immunologic tolerance are just beginning to be tested 
the clinical arena. Nevertheless, advances in pharmacologic i: 
munosuppression and infection prophylaxis have made org 
transplantation in general increasingly successful and benign, a 
thus pancreas (or islet) transplantation will be applied to the exte 
that organs are available until strategies to prevent or actually tre 
the pathogenesis of diabetes materialize (for example, preventi 
autoimmunity before onset in T1DM, or if after onset, coupli 
such prevention with stimulation of B-cell regeneration’). 


RATIONALE 


The purpose of pancreas (or islet) transplantation is to establish e 
glycemia and free the diabetic patient of the daily burden of mul 
ple insulin injections or dose or diet adjustments based on multit 
fingerstick blood glucose determinations. This burden has to be < 
sumed not only to remain alive (for T1DM) but also to lower t 
tisk for secondary diabetic complications. 

The Diabetes Control and Complications Trial (DCCT) co 
clusively proved that vigorous diabetic control reduces the in 
dence of secondary complications. The price is the rigorous se 
discipline required to lower glycohemoglobin as much towa 
normal as possible, plus an increased frequency of insulin reactio 
and hypoglycemic episodes.’ Even in the DCCT group given i 
tense insulin treatment, mean glycosylated hemoglobin levels we 
a gram percent above normal. Some individuals developed secon 
ary complications even when glycosylated hemoglobin levels we 
only moderately elevated. The incidence of secondary complic 
tions decreases progressively with decreasing mean glycosylat 
hemoglobin levels, but the threshold for zero risk is a constant 
normal value, something that currently can only be achieved wi 
pancreas transplantation. A closed-loop insulin pump coupled tc 
glucose sensor should theoretically do the same, but a miniatt 
ized, implantable, practical device is not yet available. 

Thus at the moment, perfect diabetic control is only provid: 
by B-cell replacement. The main current drawback of both pa 
creas and islet transplantation is the need to immunosuppress t 
recipient, but this can be done with oral drugs without the need f 
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constant dose adjustments. A pancreas transplant requires major 
surgery, but a successful graft makes the recipient euglycemic and 
glycosylated hemoglobin levels are normal for as long as the graft 
functions.’ The need for immunosuppression is only a relative 
drawback, since it is used for other organ transplants even when al- 
ternative treatments are available, such as dialysis for renal failure. 
Indeed, the modern management of diabetes by exogenous insulin 
may be as burdensome as dialysis is for renal failure: >4 blood 
glucose determinations daily and 4 insulin injections or a con- 
stantly placed needle adds up to 35-50 needle sticks per week, or 
approximately 2000 per year (dialysis 3 times per week with 2 nee- 
dles is only 300 needle sticks per year). If one looks at exogenous 
insulin needle-intensive treatment as akin to dialysis, immunosup- 
pression for treatment of diabetes by islet or pancreas transplanta- 
tion is logical. 

B-Cell transplants should ideally be performed before compli- 
cations occur. Because of uncertainty in an individual patient as to 
whether he or she is complication-prone (even with poor control, 
not all get complications), as well as the uncertainty over what the 
individual side effects of immunosuppression will be, only a few 
institutions do pancreas transplants soon after onset of disease.'° 
Antirejection strategies to decrease the side effects of immunosup- 
pression, however, are increasingly available.'! 

During the past decade, pancreas transplants alone were 
largely employed in patients with very labile diabetes and hypo- 
glycemic unawareness, a syndrome that may emerge many years 
after onset of diabetes, particularly in patients with neuropathy. '? 
In this situation pancreas transplantation is the most effective treat- 
ment since it completely obviates insulin reactions. However, for 
patients who are not labile, but who wish to obviate a lifetime need 
for insulin injections and glucose monitoring, as well as to ab- 
solutely eliminate the risk of secondary diabetic complications by 
choosing the alternative risk of immunosuppression complications, 
pancreas transplantation can reasonably be chosen. To fully assess 
the trade-off and risks of immunosuppression versus the risks of 
secondary diabetic complications, randomization of candidates, 
transplantation versus insulin, soon after onset of diabetes would 
be ideal, but until that is done, a diabetic individual can just as log- 
ically choose one approach or the other. Even with emphasis on 
tight contro] through intensive glucose monitoring and constant in- 
sulin dose adjustments, the diabetes literature continues to show an 
extremely high rate of secondary complications that are just as 
morbid,'* if not more morbid, than those described secondary to 
chronic immunosuppression in organ allograft recipients.'*'> 

Nevertheless, because of the need for immunosuppression, 
most pancreas transplants have been done either simultaneous with 
or subsequent to a kidney transplant in diabetic patients with ad- 
vanced nephropathy. '® Nearly everyone agrees that a kidney trans- 
plant is preferable to dialysis in the treatment of uremia (particu- 
larly in diabetic patients). Thus when a diabetic patient is already 
obligated to immunosuppression, there is very little reason not to 
add a B-cell transplant, and only the surgical risks need to be con- 
sidered. Indeed, simultaneous pancreas-kidney (SPK) transplants 
have even been done in insulin-treated uremic diabetics meeting 
criteria for type 2 diabetes mellitus (T2DM).'” 

Unfortunately, in uremic diabetic patients, retinopathy and 
neuropathy are usually far advanced and the DCCT did not study 
the effect of maintaining strict control on established lesions. Thus 
the main value of adding a pancreas to the kidney is the additional 
improvement of quality of life that accompanies being insulin- 
independent as well as dialysis-free.'* This is not to say that there 


is no effect of the pancreas transplant on nonrenal secondary com- 
plications that are present in the uremic diabetic. Improvement in 
neuropathy has been documented.'**!' As expected, recurrence of 
diabetic nephropathy in a renal transplant is also prevented by suc- 
cessful pancreas transplant.**** Nevertheless, advanced retinopa- 
thy and vascular disease are unlikely to be affected,” even though 
a pancreas transplant has been shown to decrease atherosclerotic 
risk factors and improve endothelial function.» It is for this reason 
that early B-cell replacement should be the goal. 


HISTORY 


The first clinical pancreas transplant was performed at the Univer- 
sity of Minnesota in 1966.” During the 1970s a few institutions 
performed a few cases with low success rates.” In 1980, the Inter- 
national Pancreas Transplant Registry (IPTR) was formed,” fol- 
lowed by annual reports.' By 2000 more than 15,000 pancreas 
transplants had been reported worldwide (Fig. 55-1), including 
more than 11,000 in the U.S.” 

A dramatic improvement in outcome occurred in the 1980s fol- 
lowing advances in surgical techniques and the introduction of cy- 
closporine for immunosuppression. In the United States, the incep- 
tion of the United Network for Organ Sharing (UNOS) in 1987, 
facilitating organ procurement and placement, was followed by a 
steady growth in the number of applicants. By the mid-1990s, more 
than 1000 pancreas transplants were being done yearly in the U.S.’ 

SPK transplants have predominated in the past, but there is 
great potential for growth in the solitary B-cell transplant cate- 
gories since far more cadaver (CAD) organs are available than are 
being transplanted. There are approximately 5500 CAD donors an- 
nually in the U.S., but many cannot be used for an SPK transplant 
since the majority of renal allograft candidates are nondiabetic. A 
large number of diabetic renal allograft recipients are available as 
candidates for pancreas (or islet) transplants after kidney (PAK) 
transplantation.” Likewise, the number of diabetic patients not in 
need of a kidney transplant in whom immunosuppression would be 
acceptable to become insulin-independent by a pancreas transplant 
alone (PTA) or islet transplant greatly exceeds the number of or- 
gans available. All should be used. 

The historical development of pancreas transplantation has 
been summarized in detail elsewhere.*' In brief, the focus during 
the early years was on refinement of surgical techniques and reduc- 
tion of surgical complications (many related to the exocrine pan- 
creas), using either a segment (tail) of the pancreas or the entire 


FIGURE 55-1. Number of pancreas transplants tabulated by the Interna- 
tional Pancreas Transplant Registry (IPTR) from 1966 through 2000. 
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pancreas with attached duodenum. By the mid 1970s three tech- 
niques were in use: enteric drainage (ED) (first used by Richard 
Lillihei in 1967 at the University of Minnesota in Minneapolis), 
urinary drainage (first into the ureter by Marvin Gliedman at Mon- 
tefiore Hospital in New York in 1970, and later modified by direct 
implantation into the bladder by Hans Solligner at the University of 
Wisconsin in 1982), and duct injection (first used by Jean-Michzel 
Dubernard at Herriot Hospital in Lyon, France in 1974). 

During the 1980s bladder drainage (BD) was shown to be 
safe,” and it became the predominant technique in all recipient 
categories (Fig. 55-2). Some groups, however, continued to use 
ED,” and during the 1990s a shift back to ED occurred for SPK 
transplants (Fig. 55-3). In SPK recipients, the creatinine level can 
be used to monitor for kidney rejection, a surrogate marker for pan- 
creas rejection when both organs come from the same donor. For 
solitary pancreas transplant (PTA or PAK), BD continues to be rec- 
ommended because of the ability to monitor urine amylase, the 
most sensitive marker of pancreas rejection alone.” 

Vascularized management of the pancreas graft has also 
evolved. Drainage of the graft venous effluent can either be into the 
systemic or the portal circulation. Portal drainage was used for seg- 
mental pancreas grafts in a few patients by four groups in the 
1980s.*>-** Portal drainage using whole pancreatic duodenal grafts 
began in the 1990s, first coupled with bladder drainage,” and then 
with enteric drainage.*°*' Rosenlof and colleagues” described 
anastomosis to the recipient splenic vein and Gaber and associates“? 
to the recipient superior mesenteric vein (Fig. 55-4). Several groups 
adapted portal-enteric drainage as their routine or did prospective 
studies.**““* It is more physiological than systemic drainage,” and 


FIGURE 55-2. Bladder-drained pancreaticoduodenal transplant alone 
(PTA) from a cadaver donor. 
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FIGURE 55-3. Enteric-drained (ED) simultaneous pancreas-kidney (SPK) 
transplant from a cadaver donor with systemic venous drainage. 


possibly lowers the incidence of rejection,” although not all con- 
firm that claim.” About 20% of SPK transplants in the United States 
have been portal-enteric drained since 1996.' 

Although segmental grafts were commonly used for pancreas 
transplants done in the 1970s, during the 1980s techniques for 


FIGURE 55-4. Enteric-drained SPK transplants with portal venous drainage 
of the pancreas graft via the superior mesenteric vein. 
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preserving the vascular supply to both the whole pancreas and the 
liver were developed." 5? Thus nearly all groups now use pancre- 
aticoduodenal grafts from CAD donors.*' Segmental grafts con- 
tinue to be done, but primarily for pancreata procured from living 
donors.” Pancreas transplants from living donors were first done at 
the University of Minnesota in 1979, primarily as a solitary pro- 
cedure at a time when the rejection rate for CAD grafts was high.** 
In the 1990s, living donor pancreas transplants were usually done 
simultaneously with a kidney (Fig. 55-5), in order to allow a single 
procedure, eliminate waiting time, and preempt dialysis for SPK 
recipients.°*-°’ Other institutions have also done living donor SPK 
transplants with good outcome.” The pressure to use living donor 
tissue primarily relates to long waiting times,” and once all CAD 
pancreata are being utilized, the number of applications for solitary 
pancreas transplants is likely to increase. Recently, the University 
of Minnesota has begun to do living donor segmental pancreatec- 
tomy laparoscopically, as has now become routine for living kid- 
ney transplantation.*® 

Another option to shorten waiting time for the uremic diabetic 
and still perform a single operation is to do a simultaneous living 
donor kidney with a CAD pancreas transplant, first done in the 
1980s,** and now applied much more frequently.” An interesting 
sidelight to the Minnesota living donor pancreas experience in the 
1980s related to observations in diabetic recipients of segmental 
grafts from their nondiabetic identical twin donor counterparts. 
Without immunosuppression, isletitis recurred in the new graft.°"* 
With immunosuppression, B-cell morphology and function were 
preserved in the identical twin donor graft.°~* Thus for pancreas 
transplants in general to succeed in type | diabetic recipients, both 
rejection and autoimmune isletitis must be prevented. In regard to 
the latter, the generalized immunosuppressive regimens in use 
since at least the mid-1980s are adequate, since autoimmune recur- 
rence in pancreas grafts is exceedingly rare,™ except in the nonim- 
munosuppressed recipients.© 

In regard to immunosuppression, in the mid-1990s FK506 
(tacrolimus) and mycophenolate mofetil became available, and 
were quickly applied to pancreas transplantation.°°-® These drugs 
have now become mainstays of immunosuppression in pancreas 


FIGURE 55-5. Simultaneous segmental pancreas and kidney transplant 
from a living donor (LD). Either BD or ED can be used, but the BD tech- 
nique has a lower complication rate and is illustrated. (Reproduced with 
permission from Gruessner et al.*°) 


Tail of Pancreas 


Pancreatic Duct 


transplant recipients and have further improved results,°”* partic- 


ularly in solitary pancreas transplant recipients.’ Other recent 
additions to the immunosuppression regimens include sirolimus 
for maintenance and interleukin-2 receptor monoclonal antibody 
for induction, both yielding favorable results.’' Steroid withdrawal 
has also been shown to be associated with low rejection rates in sta- 
ble pancreas transplant recipients.” 

Currently, there are more than 100 pancreas transplant programs 
in the United States”? Most have come into existence only during the 
past decade and are relatively small. A few centers have extensive 
experience.*>?’34 The University of Wisconsin has reported ex- 
perience with more than 500 SPK transplants,” and the University of 
Minnesota has reported on a total of more than 1000 pancreas trans- 
plants.” However, the overall recent results of pancreas transplanta- 
tion are best viewed by compiling a review of the collective data. 

In the following section the current results of pancreas trans- 
plants from CAD donors as tabulated by the IPTR are given. The 
results with living donor segmental pancreas transplants at the in- 
stitution primarily using this approach are summarized in a sepa- 
rate section. 


IPTR REPORT OF OUTCOME WITH CADAVER 
PANCREAS TRANSPLANTATION 


Analyses of IPTR data have been published yearly since the mid- 
1980s, and the results (long-term insulin independence) have con- 
tinually improved over time.' The latest Registry analyses?” focus 
on U.S. cases done from 1996-2001, including >4500 SPK, >900 
PAK, and >350 PTA cases (Fig. 55-6). The patient survival rates 


FIGURE 55-6. Patient (A) and pancreas graft (B) survival rates from 1996- 
2001 U.S. cadaver SPK, PAK, and PTA transplants as reported to UNOS 
and the IPTR. (Reproduced with permission from Gruessner et al.) 
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are not significantly different between the three categories, and are 
>90% at 3 years posttransplant (Fig. 55-6A). Most deaths are from 
preexisting cardiovascular disease; the mortality risk of a pancreas 
transplant per se is extremely low (1-year patient survival for PTA 
recipients is 98%). 

Pancreas graft survival rates were slightly higher in the SPK 
than the PAK and PTA categories, 84% versus 75% and 73%, re- 
spectively, at | year (Fig. 55-6B). The differences are in part due to 
the decreased ability to monitor for rejection episodes in enteric- 
drained solitary pancreas transplant recipients. In the SPK cate- 
gory, l-year graft survival rates were 85% for BD (n = 1781) ver- 
sus 83% for ED (n = 2798; p = ns). In the PAK category, the 
1-year graft survival rates were 83% for BD (n = 368) versus 74% 
for ED (n = 328) cases (p < 0.05). In the PTA category, the |-year 
graft survival rates were 81% for BD (n = 190) versus 73% for ED 
(n = 133) (p < 0.05). Thus with current immunosuppressive proto- 
cols (predominantly tacrolimus and mycophenolate mofetil for 
maintenance), 1-year graft survival rates of over 80% are achieved 
in all categories with bladder drainage, and in the SPK category 
with either bladder or enteric drainage. 

Kidney graft survival rates in SPK recipients have been higher 
than for diabetic recipients of kidney transplants alone in all eras.” 
For the 1996-2001 SPK transplants, kidney graft survival rates 
were >90% at | year in both the ED and BD subcategories. 

The proportion of older diabetic patients receiving pancreas 
transplants in the United States increased significantly during the 
1990s. In 1988-1989, only 5% of the recipients were >45 years 
old. In 2000-2001, 75% were >45 years old in all three categories 
of recipients. Only 2% were <21 years old. The outcomes accord- 
ing to recipient age for 1997-2001 are shown in Figs. 55-7, 55-8, 
and 55-9. The age of the recipient has had very little impact on out- 
comes. In the SPK category, patient survival rates were over 90% at 
| year in both age categories (Fig. 55-7A), and 1-year graft survival 
rates were =80% (Fig. 55-7B). In the PAK category, patient sur- 
vival rates at 1 year were also >90% (Fig. 55-8A), and graft sur- 
vival rates were again not significantly different (Fig. 55-8B). In- 
terestingly, in the PTA category, the 1-year patient survival rate was 
100% in the older age category (Fig. 55-9A), and the graft survival 
rates were significantly higher in the older PTA recipients, 85% 
versus 77% at | year (Fig. 55-9B). The young, nonuremic PTA re- 
cipients tend to have a higher rejection graft loss rate than the PAK 
and SPK recipients (at 2 years, 12% versus 5% and 3%, respec- 
tively). In the older group, the rejection graft loss rate at 2 years is 
low in all categories: 2%, 5%, and 3%, respectively. 

With the increased number of older patients receiving pancreas 
transplants, it is not surprising that some have been classified as 
having T2DM. Most of the patients classified as type 2 have been 
in the SPK category. For 1996-2000 SPK transplants,' 1-year 
insulin-independence rates were 84% in those classified as type | 
(n = 3323) and 83% in those classified as type 2 (n = 157). 

The improvement in pancreas graft functional survival rates re- 
flects a decrease in both the technical failure (TF) rate and rejection 
rates. The TF rate (grafts lost from thrombosis, pancreatitis, or 
perigratt infection) for 1997-2001 U.S. cases was 8% overall. In 
the analysis of technically successful cases (death with functioning 
graft censored), the |-year rejection loss rate was only 2% for SPK, 
6% for PAK, and 8% for PTA cases. 

It is apparent that with the generalized immunosuppressive 
regimes being used currently, there is very little difference in pan- 
creas graft survival rates in SPK and PAK recipients, giving further 
impetus to the use of living donor kidney in diabetic patients with 
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FIGURE 55-7. Patient (A) and pancreas graft (B) functional survival rates 
for 1997-2001 U.S. cadaver SPK transplants by recipient age. 


advanced nephropathy. With a living donor kidney, the need for 
dialysis can be preempted and a subsequent pancreas transplanta- 
tion from a CAD donor has nearly the same probability of success 
as that done simultaneously with a CAD kidney. The only draw- 
back to a PAK is the need for two operations. For those with a suit- 
able living donor, an SPK transplant with a segmental graft is an al- 
ternative to sequential transplants, as described in the next section. 


LIVING SEGMENTAL DONOR 
PANCREAS TRANSPLANTS 


Of the more than 15,000 pancreas transplants reported to the Inter- 
national Registry, slightly more than 1% have been from living 
donors (LDs).”’ As for other organ transplants, LDs are used to 
(1) alleviate the CAD donor shortage, (2) eliminate waiting time, 
and (3) decrease rejection. 

The number of diabetics who would benefit from a pancreas 
transplant alone (PTA) exceeds the number of CAD donors. The 
number of nonuremic candidates registered has been well below 
the potential number of organs available, so waiting times have 
been relatively short for a solitary pancreas transplant. However, 
the waiting time for CAD kidney transplants is long. Thus the in- 
centive for an LD pancreas transplant is highest in uremic diabet- 
ics, whose waiting time for a CAD simultaneous pancreas kidney 
(SPK) transplant would otherwise be long and most likely require 
dialysis. The outcomes of an LD kidney procedure first, followed 
by a CAD pancreas (PAK) procedure, are good," ° but this requires 
two operations. Outcomes are also good in patients who receive a 
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FIGURE 55-8. Patient (A) and pancreas graft (B) survival rate for 1997- 
2001 U.S. cadaver PAK transplants by recipient age. 


simultaneous CAD pancreas and living donor kidney,” but these 
procedures are logistically difficult for some patients, and waiting 
time is still involved. 

More than 80% of the living donor segmental pancreas trans- 
plants in the Registry have been done at the University of Min- 
hesota, and it is the Minnesota experience that is reviewed here. We 
began to offer LD segmental pancreas transplants in 1979,” at a 
time when the rejection rate of CAD pancreata was high.” Ini- 
tially, we did only solitary pancreas transplants (PAK or PTA) from 
LDs, with the main aim being an improvement in results. Through 
the 1980s our solitary pancreas transplant results were superior 
with living donors.’ 

In the 1990s, the results of solitary pancreas transplants from 
CAD donors improved dramatically,’ making a CAD pancreas 
after an LD kidney an attractive option from an outcome stand- 
point.*°°* Nevertheless, some uremic diabetic patients who had an 
LD wanted to avoid two operations and having to wait for either 
organ. Thus in 1994 we began to do LD segmental pancreas trans- 
plants simultaneously with a kidney transplant for these reasons.*° 
An update of our previous reports” on the LD SPK experience is 
summarized below. 

The donors have ranged in age from 24-58 years. Pretrans- 
plant, LDs had to have normal oral and intravenous glucose tol- 
erance tests, a threefold increase in first-phase insulin release dur- 
ing intravenous stimulation, and a body mass index below 29 kg/ 
m’. The LD SPK recipients ranged in age from 14-58 years, with 
diabetes duration of 11-29 years. Twenty-four of the LD SPK re- 
cipients were not on dialysis pretransplant. Duct management was 
with bladder drainage (BD) in 32 and duct injection (DJ) in 3. 
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FIGURE 55-9. Patient (A) and pancreas graft (B) functional survival rates 
for 1997-2001 U.S. cadaver PTA transplants by recipient age. 


Actuarial patient, kidney, and pancreas (insulin independence) 
survival rates at 1 year were 100%, 100%, and 86%, respectively, 
for the LD SPK transplants (Fig. 55-10). 

Of the 35 LD SPK transplants, 4 failed for technical reasons, 
3 (BD) from thrombosis, and 1 from primary nonfunction (duct in- 
jected). There were two late pancreas graft losses from rejection, 
and one late kidney loss from hemolytic uremic syndrome. All of 
the LD SPK recipients are alive. The pancreas graft survival rates 
are at least as high for LD or for CAD SPK recipients, and the kid- 
ney graft survival rates are higher with LDs. Furthermore, two- 
thirds of the LD recipients avoided pretransplant dialysis, which is 
usually not possible with CAD transplants. 

All 35 of the SPK living donors are alive and insulin- 
independent. Surgical complications included the need for splenec- 
tomy in seven, percutaneous fluid drainage in three, and gastritis in 
one. Two donors had impaired glucose tolerance; one had a prior 
history of gestational diabetes, and the other had a BMI above our 
usual limits. Currently, we exclude individuals from being a seg- 
mental pancreas donor who have a history of gestational diabetes. 
Our current criteria also require segmental pancreas living donors 
to be less than 60 years old, to have a BMI <29 kg/m’, to have all 
glucose values <150 during an oral GTT, and to have an acute in- 
sulin response to intravenous glucose and arginine stimulation of 
>300% above baseline. 

Metabolic perturbations can occur in the donors,” but all 
donors meeting the criteria itemized above have remained normo- 
glycemic and insulin-independent. 

Currently, the main application of LD pancreas transplant is in 
uremic diabetic patients who desire to avoid the long wait for a 
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taneous pancreas and kidney (SPK) transplants at the University of Min- 
nesota (1994~2001). 


CAD SPK, and for those who would otherwise have bypassed an 
LD kidney for a CAD SPK to avoid two operations. 

LD pancreas transplantation also has a role as a solitary proce- 
dure, particularity in highly sensitized patients with a negative 
crossmatch against a potential donor. Not all CAD pancreata are 
currently used for clinical pancreas transplantation, so LDs are not 
yet needed to alleviate a shortage of organs. This likely will change 
because the results of CAD solitary pancreas transplantation are 
now so good.”* Once a CAD pancreas shortage exists, there will be 
an incentive to use LDs for solitary as well as SPK transplants. 


SURGICAL TECHNIQUE 


For solitary organ pancreas transplants, the main choices facing the 
surgeon are (1) whether to transplant the whole organ or a segment, 
(2) how to manage the exocrine secretions, and (3) how to establish 
venous drainage (portal or systemic). 

CAD donor grafts are nearly always transplanted as a whole 
pancreas, since preservation of the blood supply to the entire gland 
is possible even when the liver is procured.” A Y-graft of donor 
iliac artery can easily be used to join the splenic and superior 
mesenteric arteries of the graft, allowing for a single arterial anas- 
tomosis in the recipient. Thus almost all segmental grafts done 
today are from living donors. Adequacy of segment transplants has 
been established by metabolic studies.°*° Segmental grafts from 
CAD donors still have a role when there is a rare anatomic abnor- 
mality that does not allow the head of the pancreas to be used, or 
when there is a compelling reason to split the pancreas into two 
segments for transplantation to two different recipients, such as 
when both have a high panel reactive antibody but a negative cross- 
match for the same donor.*' Indeed, as the number of candidates 
listed for pancreas transplants and waiting times increase, the in- 
centive to split cadaver organs will also increase. 

In regard to current management of the exocrine secretions, 
some groups always use ED.*** some always use BD,” and for 
others the approach is dictated by the recipient category.” Both 
techniques now have a relatively low surgical risk.*? 

BD allows direct measurement of enzyme activity in the pan- 
creatic graft exocrine secretions. A decrease in urine amylase is a 
sensitive marker of rejection, even though it is not entirely spe- 
cific.** Urine amylase always decreases before hyperglycemia en- 
sues. A rise in serum amylase may precede a decrease in urine 
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amylase, but serum amylase by itself is less sensitive (it does not 
always rise, while urine amylase always decreases), and is no more 
specific for diagnosis of rejection. Thus for solitary pancreas trans- 
plants, the rejection loss rate is lower with BD than with other duct 
management techniques.” Rejection episodes are detected early 
with BD, increasing the probability that the process will be re- 
versed by a temporary increase in immunosuppression. If neces- 
sary, a rejection diagnosis can be confirmed by a percutaneous 
biopsy whether the graft is ED or BD.84 

In the SPK category, isolated rejection of the pancreas is now 
rare with the immunosuppressants FK506 (tacrolimus) and myco- 
phenolate mofetil (MMF). Rejection episodes affecting both organs 
are nearly always first manifested by a rise in serum creatinine 
(easily confirmed by renal graft biopsy). Thus, most transplant cen- 
ters now use ED for SPK transplants, as has been advocated for 
years by the Stockholm group.** Although the acute surgical com- 
plication rate leading to graft loss may be slightly higher with ED 
(mainly leaks, the graft thrombosis incidence being about the same 
with all techniques), the chronic complication rate is lower.*’ Be- 
tween 10% and 20% of recipients of BD grafts are ultimately con- 
verted to ED because of chronic complications such as metabolic 
acidosis from bicarbonate loss secreted directly from the pancreas, 
urinary tract infections related to the enterovesical anastomosis, 
dysuria, hematuria, or late leaks.! 

ED could be the standard duct management technique for all 
pancreas transplant categories once immunomodulation strategies 
that completely prevent rejection episodes are devised.” Cur- 
rently, a rejection episode—free regimen does not exist, so BD gives 
an advantage in solitary pancreas transplants. For SPK transplants, 
ED is justifiably the dominant method of drainage. 

Another question is whether to drain the venous effluent of the 
pancreas graft into the recipient’s portal or systemic circulation. 
Portal drainage is more physiologic than systemic drainage,” but 
it is not easily combined with bladder drainage.” Thus, most por- 
tally drained transplants have been done with ED in SPK recipients, 
and several groups now make it their standard technique. **” 

With both systemic and portal drainage, the recipients are eug- 
lycemic with a normal glycohemoglobin, but portally drained re- 
cipients will have lower systemic insulin levels.*° However, even 
with systemic drainage of pancreas grafts, the situation of de novo 
hyperinsulinemia (syndrome X) is not replicated. There is no evi- 
dence that there is any detrimental effect of systemic drainage on 
lipid levels”? or vascular disease.” Most groups have continued to 
use systemic venous drainage for ED SPK transplants. On the other 
hand, there is no reason not to mimic nature, and most likely there 
will be a shift toward portal drainage for ED SPK transplants, par- 
ticularly if the reports of fewer rejections with portal drainage are 
confirmed. ™®* 


PREVENTION OF GRAFT REJECTION 


Currently, generalized immunosuppression must be given for all 
organ or cellular transplants. "$ From the mid-1980s through the 
mid-1990s, cyclosporine in conjunction with either azathioprine or 
steroids were the mainstays of maintenance immunosuppression.™ 
Many protocols included induction immunosuppression with het- 
erologous antibody anti-T-cell agents.' Since the mid-1990s, FK 
506 (tacrolimus) and mycophenolate mofetil (MMF) have been 
used widely in pancreas transplants, and both immunosuppressants 
have been associated with improvement in pancreas graft survival 
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rates.°°’78 In addition. steroids have been successfully withdrawn 
from pancreas transplant recipients without precipitating rejec- 
tion,” or have been avoided altogether.” 

In the groups at highest risk for rejection, PTA and pretrans- 
plant immunosuppression have been associated with a decrease in 
both rejection episodes and immunologic graft loss.” Finally, ad- 
vances in antimicrobial prophylaxis have also been an important 
advance in allowing the immunosuppressive drugs to be used so 
effectively.” 


EFFECTS OF PANCREAS TRANSPLANTATION 
ON METABOLISM AND SECONDARY 
COMPLICATIONS OF DIABETES 


A successful pancreas transplant nearly always establishes eu- 
glycemia and insulin independence in the recipient, with constantly 
normal glycosylated hemoglobin levels.” Minor metabolic pertur- 
bations can exist in some pancreas recipients, and are of academic 
interest,” but do not affect day-to-day life. Pancreas graft function 
has been extremely durable” as illustrated by studies in patients fol- 
lowed for more than 10 years (Figs. 55-11 and 55-12). In diabetic 
patients with impaired hypoglycemic counterregulation, a success- 
ful pancreas transplant can permanently restore counterregulatory 
mechanisms. Pancreas transplantation is the best treatment for dia- 
betic patients afflicted with hypoglycemic unawareness.” 

As mentioned in the section on surgical techniques, most pan- 
creas transplants are drained via the systemic venous system and 
thus induce a degree of hyperinsulinemia. Portal drainage of the 
graft venous effluent avoids this potential problem.”* On the other 
hand, a beneficial effect of pancreas transplants on lipid metabo- 
lism occurs even with systemic drainage.” 

In regard to the effect on secondary complications. it is clear 
that a successful pancreas transplant performed early in the course 
of diabetes would prevent their occurrence. There is also an effect 
on established lesions, as summarized in previous reviews. ™!®® 
The rapidity with which neuropathy improves is quite variable. 
sometimes occurring early and sometimes evolving over several 
years'*?', Severely neuropathic patients have a very high mortality 
rate. Remarkably, after a pancreas transplant. the mortality rate is 
much reduced, independent of the effect on neuropathy.'°'"'°? The 
beneficial effect of pancreas transplantation on survival of diabetic 


FIGURE 55-11. Fasting blood glucose levels in 16 type | diabetic recipi- 
ents at increasing numbers of years after pancreas transplantation. Lines 
connect sequential data that were available in 14 of the 16 patients. Inset 
shows mean + SE of the data for the group. 
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FIGURE 55-12. Levels of fasting blood glucose, HbA,,. and intravenous 
glucose tolerance in type | diabetic recipients 10-18 years alter whole or 
segmental pancreas transplantation, compared with age-. sex-. and BMI- 
matched nondiabetic control subjects. No significant differences were 
found. 
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patients, particularly those that are nephropathic, is also well docu- 
mented.,*?:!03-'8 Pancreas transplantation can prevent the occur- 
rence of diabetic nephropathy in renal allografts.” 

In regard to diabetic nephropathy in native kidneys, remark- 
ably, in long-term PTA recipients, established structural changes of 
diabetes in the kidney can reverse between 5-10 years after trans- 
plant!” (Figs. 55-13 and 55-14). Thus pancreas transplants alone 
could be used earlier in the course of diabetic nephropathy to pre- 
vent the otherwise inevitable deterioration. 

In regard to vascular disease, an improvement in microvascular 
microangiopathy following pancreas transplantation has been de- 
scribed.''® Improvement of left ventricular function'’' and a de- 
crease in atherosclerotic risk factors''* following pancreas-kidney 
transplantation have also been reported. 

Several reviews on the effect of pancreas transplantation on 
secondary complications have been published, including articles 
describing a favorable effect on microcirculation. ™™!®®! 1? These re- 
views also include studies on quality of life. All show that patient 
satisfaction is higher in SPK and PAK than in kidney transplant 
alone (KTA) recipients due to many factors, including dietary man- 
agement, and that there is a positive impact on the recipient’s fam- 
ily as well.'*'"* Nearly uniformly, PTA recipients state that man- 
agement of immunosuppression is easier than management of 
diabetes. 


RECIPIENT SELECTION 


Not every diabetic patient can undergo pancreas transplant because 
of the shortage of suitable CAD donors. It is unlikely that living 
donors can make up this deficit, because even for kidney trans- 
plants, where living donation is widely promoted, the shortage is 
large. In the United States, there are approximately 30,000 new 
cases of TLDM each year, and there are only approximately 5000 
CAD donors annually. Thus even if every CAD donor was used for 
a pancreas transplant with the organ split into two parts, the pan- 
creas transplant rate would be only one-third of the new TIDM 
case rate. 

Pancreas transplantation can also establish a euglycemic state 
in patients with T2DM.'’ making the gap between available donors 
and potential candidates even greater. Thus a strategy of allocating 
the available organs to those who would benefit the most (e.g., to 
alleviate hypoglycemic unawareness) is needed. Pancreas trans- 
plantation can be used to prevent secondary complications of dia- 
betes, and those at high risk (if they can be identified) should have 
priority. 


FIGURE 55-14. Photomicrographs of 
renal biopsy specimens obtained before 
(left) and 10 years after (right) pancreas 
transplantation. Specimens were taken 
from a 33-year-old woman with type | di- 
abetes of 17 years’ duration at the time 
of transplantation. Mesangial matrix ex- 
pression with nodular lesions seen in a 
typical glomerulus pretransplant shows 
resolution of mesangial lesions and more 
open capillary lumina posttransplant. (Re- 
produced with permission from Fioretto 
etal.) 
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FIGURE 55-13. Thickness of the glomerular basement membrane, at base- 
line and 5 and 10 years after pancreas transplantation. The shaded area is 
the normal range. (Reproduced with permission from Fioretto etal.) 


Even though it is late in the course of the disease, the most ob- 
vious patients to undergo pancreas transplant are those who also 
need a kidney transplant and are obligated to immunosuppression. 
For those who do not have a living donor for the kidney, an SPK 
transplant from a CAD donor makes sense. For those that have an 
LD, the ideal approach would be an SPK from this source. If the 
donor is suitable only for a kidney, it would still be preferable to 
perform an LD kidney transplant first with either a simultaneous or 
subsequent CAD pancreas.” Long-term graft functional survival 
rates for LD kidneys have been consistently higher than for CAD 
donor kidneys, and the insulin-independence rate with PAK trans- 
plants are nearly identical to those of SPK transplants.” 

The PAK option is vastly underutilized. An LD kidney fol- 
lowed later by a CAD pancreas avoids long waiting times to get off 
dialysis or avoids the need for dialysis altogether, and gives the 
highest probability of remaining dialysis-free long term. Thus for 
the uremic diabetic the best option would be an LD SPK transplant. 


10 years posttransplant 
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the second best option an LD KTA with a CAD pancreas simulta- 
neously, the third best option an LD KTA followed by a PAK, and 
the fourth a CAD SPK. 

In regard to nonuremic diabetic patients, there are no satisfac- 
tory treatments for patients with hypoglycemic unawareness. Thus 
strict control is really the only alternative strategy, resulting in high 
glycosylated hemoglobin levels and an increased risk for second- 
ary complications. A successful pancreas transplant allows such 
patients to avoid hypoglycemia and gives them the freedom of in- 
sulin independence. '*”” 

In regard to doing PTA early in the course of diabetes before 
complication occurs, it is logical to do so. Again, only a small per- 
centage of diabetic patients can take advantage of this approach, so 
it would be ideal to identify those at high risk for secondary com- 
plications. Ideally, randomized studies should be done to compare 
the long-term complication rate of immunosuppression versus the 
complication rate of diabetes in comparable populations of patients 
whose diabetic control is only of average difficulty. However, in 
patients who have more difficulty with diabetic control and who 
are not able to maintain nearly normal glycosylated hemoglobin 
levels, the risk of secondary complications is going to be greater 
than the risk of immunosuppressive complications. In this situation 
a PTA is a reasonable choice.” 


ORGAN ALLOCATION AND FINANCIAL 
COVERAGE ISSUES FOR PANCREAS 
AND ISLET TRANSPLANTS 


Pancreas or islet transplantation is an expensive treatment for 
diabetes mellitus, at least for the procedure itself.'' The organ pro- 
curement costs are the same for both. Pancreas transplantation 
requires surgery and a period of hospitalization, while islet trans- 
plantation requires processing of the organ. Once the graft is in 
place, the cost of maintenance immunosuppression is approxi- 
mately equivalent to the cost of modern diabetic management on 
an ongoing basis.''® 

Financial coverage by insurance companies and health mainte- 
nance organizations for pancreas transplantation has been variable, 
but has been provided for all categories by some insurance compa- 
nies since the 1980s. In general, insurance coverage has been most 
frequent for SPK transplants and least frequent for PTA trans- 
plants, with PAK transplants being intermediate, but the number of 
insurance companies covering each of the categories has progres- 
sively increased. In 1999, Medicare began to cover SPK and PAK 
transplants, so now virtually every uremic diabetic is financially el- 
igible for a pancreas transplant. PTA coverage is usually decided 
on a case-by-case basis by the insurance companies that have such 
a provision. 

Pancreas organ allocation from CAD donors is done under the 
auspices of the United Network for Organ Sharing (UNOS). As for 
all organs, the pancreas is first offered to patients on a local organ 
procurement organization (OPO) waiting list; if it is not needed lo- 
cally, it is next offered regionally, and then nationally. The UNOS 
policy for local pancreas allocation is based on candidate waiting 
time. Nationally, allocation is according to match; for multiple can- 
didates with an equivalent match, waiting time is the tiebreaker. 
Some OPOs have a variance for allocation according to the best 
match, again with waiting time as the tiebreaker. 

In addition, each OPO has to decide whether priority is given 
first to recipients waiting for a pancreas and kidney transplant, or to 


those waiting for a solitary pancreas transplant. Since there is an al- 
location system for kidney transplants that is also based on waiting 
time and match, some OPOs allocate a pancreas for SPK transplant 
only if the patient reaches the appropriate level on the kidney trans- 
plant waiting list. If the pancreas is not allocated to a diabetic kid- 
ney transplant candidate, it is then allocated to the candidate for 
solitary pancreas transplant. 

In regard to allocation for pancreas and islet transplantation, 
ideally, patients waiting for either should be on a common waiting 
list. Conceptually, the allocation system should simply be designed 
for B-cell transplantation, and the technique (islet or immediately 
vascularized graft) should be tailored to the individual circum- 
stances of the candidate. A pancreas transplant almost always in- 
duces insulin independence in the diabetic recipient. Currently, the 
B-cell mass that engrafts from islet transplantation may not be suf- 
ficient to induce islet independence without an additional trans- 
plant.’ On the other hand, single islet transplants have been able to 
induce insulin independence when done from large donors to small 
recipients with low insulin requirements.* 

A utilitarian approach would be to use islets for B-cell replace- 
ment therapy in diabetic patients with a low body mass index 
(BMI) or with low insulin requirements, and to use an immediately 
vascularized pancreas transplant for those with high insulin re- 
quirements. Donors with a high BMI (e.g., 28 kg/m”) could be used 
for islet transplantation and the smaller donors for pancreas trans- 
plantation. By such an allocation scheme, the largest number of 
candidates could be made insulin-independent with surgery only as 
appropriate; high-BMI donors for islets to low-BMI recipients, and 
low-BMI donors for pancreas transplants to high-BMI candidates 
or those with high insulin requirements. 

Just as there is an insufficient number of CAD organs available 
to treat all who would benefit from kidney, heart, or liver transplan- 
tation, the same is true for pancreas or islet transplantation. The 
number of new cases of diabetes mellitus exceeds the number of 
CAD organ donors available. Thus for large-scale treatment of dia- 
betes through B-cell replacement therapy, sources other than CAD 
(or even living) donors will be needed. Medical priority for those 
least well served by exogenous insulin replacement may be neces- 
sary in the future for fair allocation of the few organs available. 


FUTURE OF PANCREAS 
OR ISLET TRANSPLANTATION 


Pancreas transplantation is now performed as a routine treatment 
for uremic diabetic recipients of kidney transplants, either simulta- 
neously or after the kidney. Such patients are obligated to immuno- 
suppression, and with a successful pancreas transplant can achieve 
insulin independence as well as a dialysis-free state. 

Pancreas transplants alone are less commonly applied because 
of the need for immunosuppression, but the trade-off to achieve an 
insulin-independent state is worthwhile for individual patients, par- 
ticularly those with labile diabetes or hypoglycemic unawareness. 
A positive effect on secondary complications will occur with early 
transplantation, and even when done late can have an impact, as 
has been shown for both neuropathy and nephropathy.“ 

Almost certainly, the side effects of immunosuppression will 
decrease as new immunomodulation strategies are developed.” 
Unless the need for pancreas transplant diminishes (either through 
preventive or regenerative strategies), the impetus to alleviate the 
donor shortage for all organ transplants will continue. Xenotrans- 
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plantation is the long-range answer, and there are attempts being 
made to genetically engineer pigs as a source of organs that will 
not incite the vigorous rejection response that normally occurs.''” 

Not all of the tools necessary to prevent rejection of solid organ 
xenografts are available. It is likely to be several years before xeno- 
transplantation becomes routine. The generalized immunosuppres- 
sion necessary to prevent rejection of allografts is relatively mild, 
preserving host immune defense mechanisms sufficiently to ward 
off infections. Opportunistic infections are basically xenografts, 
but are a problem only in allograft recipients who are overimmuno- 
suppressed.''* For xenograft recipients, the level of immunosup- 
pression needed may predispose to opportunistic infections. 

Islet xenografts are touted as having an advantage by using im- 
munomodulation or encapsulation.'!® Although islet encapsulation 
has succeeded in animal models as isografts or allografts, once it 
has been done in a xenograft situation, immunosuppression has 
been necessary. Even as an allograft, immunosuppression has been 
necessary when done in autoimmune models. Thus, pancreas or 
islet xenotransplantation is not a likely option in the near future. 

Islet allotransplantation remains a goal in an attempt to mini- 
mize surgery. With adequate numbers, islet autotransplantation is 
nearly uniformly successful in preventing diabetes after total pan- 
createctomy.'”” Islet allotransplantation appears to require a larger 
number of islets,’ but can succeed with a single donor under spe- 
cial circumstances.* 

All available CAD organs should be used for pancreas (or islet) 
transplantation, and distributed between uremic and nonuremic pa- 
tients. The number of uremic diabetic patients should diminish as 
intensive insulin treatment is universally applied and as pancreas 
(or islet) transplants alone are done to prevent diabetic nephropathy 
in the first place. Until preventive or regenerative strategies elimi- 
nate the need, transplantation will be a major part of the modem 
diabetologist’s armamentarium. 
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INTRODUCTION 


Current methods for treating insulin-dependent (type 1) diabetes 
mellitus (TIDM) do not prevent transient episodes of hyper- 
glycemia. Recurrent hyperglycemia has been suggested to cause 
chronic lesions that can culminate in renal failure, blindness, heart 
disease, neuropathy, or atherosclerosis. The most definitive study 
in the field, the Diabetes Control and Complications Trial,' clearly 
showed that with intensive insulin therapy, a 2% decrease in HbA, 
significantly reduced the risk of microvascular complications. 
However, this improvement in HbA,, did not result in normaliza- 
tion of the value (median 7%) and was associated with an increased 
risk of severe hypoglycemia. In addition, the extraordinary effort 
required in self-monitoring and providing ongoing management 
for these patients may exceed the capabilities of many individuals 
and their health care providers. Thus, a predominant focus of 
human diabetes research has been the development of better meth- 
ods to achieve optimal glucose control, so that the disabling com- 
plications can be reduced or prevented. 

Vascularized pancreas transplantation has become accepted as 
an alternative therapy for individuals receiving simultaneous kid- 
ney transplants. Although occasionally used as a solitary pancreas 
transplant, the significant risks associated with whole organ trans- 
plants usually limit its use to cotransplantation with other organs. 
Furthermore, pancreas transplantation remains associated with sig- 
nificant morbidity in terms of surgical risk, but is also associated 
with about 86% graft survival.” Compared to vascularized pancre- 
atic grafts, transplantation of isolated islets offers a number of ad- 
vantages. For example, islet transplantation is a much simpler and 
less invasive procedure, which if performed earlier on can poten- 
tially result in excellent glucose control and prevent long-term 
complications. Islet transplantation also has the potential benefit 
that the donor tissue can be tested and/or pretreated before implan- 
tation, thus allowing the possibility of using grafts with defined 
metabolic or immunological characteristics. This chapter reviews 
the history and current status of islet cell transplantation. 


EXPERIMENTAL ISLET TRANSPLANTATION 


Pancreatic islets were first described by Paul Langerhans in 1869, 
when his thesis as a medical student in Virchow’s laboratory was 
published.’ The possibility of transplanting pancreatic tissue has 


interested clinicians and scientists since 1889 when Von Mering 
and Minkowski* demonstrated that removal of the canine pancreas 
resulted in hyperglycemia. However, the concept of separating islet 
endocrine cells from the exocrine tissue of the pancreas was not ex- 
amined until 1964, when Hellerstrom used microdissection to iso- 
late islets from the rat pancreas.° Since this method was traumatic 
and islet yield was poor, Moskalewski® used the enzyme collage- 
nase to digest guinea pig pancreas in an attempt to improve islet re- 
covery and function. Lacy and Kostianovsky’ further improved this 
technique by intraductal distention of the rat pancreas with collage- 
nase to disrupt the exocrine tissue prior to mechanical mincing and 
enzymatic digestion of the gland. Methods to purify islets from 
contaminating exocrine tissue began by using centrifugation in su- 
crose gradients.” Later centrifugation on Ficoll gradients proved to 
be the most effective means to purify islets from contaminating 
exocrine tissue because it provided a better osmotic environment 
for the islets.” Although numerous methods and gradients for islet 
purification have been proposed, Ficoll still remains the gradient of 
choice for both animal and human pancreases. 

The first report of transplanting isolated rodent islets was in 
1970 by Younoszai and associates.'° They demonstrated temporary 
amelioration of chemically induced diabetes in rats. Subsequently, 
Ballinger and Lacy!’ achieved euglycemia following transplanta- 
tion of 400-600 islets in the peritoneal cavity or thigh muscle of 
inbred diabetic Lewis rats. In 1973, Reckard and Barker"? reported 
complete normalization of glucose levels in rats for 7 months fol- 
lowing intraperitoneal injection of 800-1200 autologous islets. 
Kemp and colleagues'? demonstrated that approximately 800 islets 
could completely normalize plasma insulin and glucose concentra- 
tions when embolized to the liver by the portal vein. The physio- 
logic significance of the hepatic portal circulation has been demon- 
strated by a number of investigators.'*"'* Islets have also been 
transplanted into the peritoneum, ''~!*!°-?! iver,'4'5?!? spleen,” 
a surgically created peritoneal-omental pouch,” the renal subcap- 
sular area,'~'*?6?89 the testicles,” the ventricles of the brain,”' 
and the thymus.?? With respect to transplantation site, the most 
consistent results occurred when the graft was placed in a highly 
vascular bed with portal venous drainage. 

The experimental success of islet transplantation in rodents 
prompted studies in larger animals, including primates, with the 
overall goal to use this therapy for the treatment of patients with type 
1 diabetes. It soon became apparent that the standardized isolation 
techniques for rodent islets could not be applied to the more compact 
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and fibrous mammalian pancreas, in particular the human pan- 
creas.™* Unlike inbred rodent models, where it is feasible to use 
multiple donors per recipient, multiple donors could not be used ina 
population of outbred large animals, such as dogs, since allogeneic 
islets would be rejected before long-term function of a technically 
successful graft could be determined. Merkovitch and Campiche,** 
therefore, eliminated the islet purification step and reversed diabetes 
in 20 of 25 dogs with intrasplenic autografts of dispersed pancreatic 
fragments isolated from the tail portion of the pancreas. Kretschmer 
and coworkers” improved these results by achieving normo- 
glycemia in 20 of 21 dogs by intrasplenic transplantation of pancre- 
atic fragment autografts prepared from the entire gland. Preparation 
of the grafts involved mincing the entire pancreas in a mechanical 
tissue chopper followed by collagenase digestion in a shaking water 
bath. Using these techniques, or modifications thereof, autografts of 
dispersed pancreatic fragments prepared by enzymatic digestion 
and mechanical dispersion were shown by other investigators to re- 
verse the diabetic state in dogs.” ~" 

More efficient means of digesting the large mamalian pancreas 
were subsequently developed when collagenase was introduced 
into the duct by direct injection. This effective delivery of col- 
lagenase to the connective tissue stroma of the islet—-acinar inter- 
face resulted in a greater separation of the islets from the surround- 
ing exocrine tissue. Using these methods for pancreas digestion, 
successful intraportal autotransplantation of purified canine islets 
became a reality. These technical advancements, along with many 
modifications, also led to their use for the isolation of islets from 
the human pancreas. Gray and colleagues” reported that prewarm- 
ing the collagenase to 39°C improved digestion of acinar tissue and 
the use of a mesh filter also improved the islet yield. Ricordi and 
coworkers” modified this method in pigs, by injecting collagenase 
prewarmed to 24°C, dispersing pancreatic cells with a mechanical 
macerator, and purifying with mesh filtration and Ficoll density 
gradient centrifugation. In 1988, Ricordi and colleagues? modified 
this procedure and developed an automated method for isolation of 
human pancreatic islets. Unfortunately, the lack of consistent and 
effective lots of enzymes used in the isolation of canine and human 
islets had prevented the successful recovery of large numbers of 
viable islets, thus hindering research in this area for many years. A 
major advance in islet isolation took place recently with the devel- 
opment of Liberase-HI and Liberase-Cl (Boehringer-Mannheim). 
These purified enzyme blends helped eliminate the lot-to-lot vari- 
ability often associated with crude collagenase and improved the 
effectiveness of human and canine islet isolation." In 1999, 
based on a technique first described by Horaguchi and Merrell”? 
and later modified by Warnock and associates,” Lakey and cowork- 
ers confirmed that retrograde intraductal delivery of Liberase-HI 
using a recirculating controlled perfusion system provided superior 
human islet recovery and survival when compared to syringe load- 
ing.” By providing controlled perfusion pressures and temperature 
during loading of the enzyme into the pancreas, the recirculating 
controlled perfusion system more effectively delivers the collage- 
nase to the islet—acinar interface, resulting in a greater separation of 
islets from the surrounding exocrine tissue.” 

In an attempt to identify donor factors that can influence islet 
recovery and function, Lakey and coworkers conducted a retro- 
spective study of 153 human islet isolations over a 3-year period.” 
This multiple regression analysis of postdigestion and postpurifica- 
tion islet recovery identified donor age, body mass index, and local 
procurement team to be positively correlated with isolation suc- 
cess. Elevated blood glucose levels, frequency and increased dura- 


tion of cardiac arrest, and prolonged cold storage of the pancreas 
prior to islet isolation were identified as factors that were nega- 
tively correlated with isolation success. Therefore, rigorous se- 
lection criteria of suitable pancreases for processing and poten- 
tially individualized isolation protocols based on the several donor 
variables identified improved consistency in human islet isola- 
tion.” The ability to consistently isolate a higher quality and quan- 
tity of islets from human pancreases has been a key to the develop- 
ment and continuation of experimental and clinical trials in islet 
transplantation as a realistic treatment option for patients with type 
1 diabetes. 


CLINICAL ISLET TRANSPLANTATION 


According to the International Islet Transplantation Registry,” from 
1974 to 1989, a total of 90 human islet allografts were conducted. 
Between 1990 and December 31, 2000, 394 were performed. Recip- 
ients of these initial human islet allografts were predominantly 
type | diabetic patients with a kidney graft (either simultaneous or 
prior to an islet graft), nonuremic type 1 diabetic patients, or pan- 
createctomized patients receiving a liver graft due to upper abdom- 
inal exenteration. Until 1989, virtually all attempts to correct basal 
hyperglycemia in humans failed.’ Moreover, of the 267 human 
islet allografts from 1990 to 1998, only 12.4% resulted in insulin 
independence for periods of more than 1 week, and only 8.2% have 
done so for periods greater than | year.” The poor outcome with 
the initial attempts at human islet transplantation can be attributed 
to implantation of an insufficient B-cell mass and the use of non- 
optimal immunosuppression. More recently, techniques for isolat- 
ing large numbers of human islets have improved, permitting re- 
newed attempts at clinical islet transplantation.“ ® Furthermore, 
with the increased availability of novel and more specialized im- 
munosuppressive agents, strategies are now available specifically 
for islet grafts that will provide protection for both allograft rejec- 
tion and autoimmune destruction as well as avoiding diabetogenic 
side effects.” 

In 1999, the Edmonton Group developed a glucocorticoid-free 
immunosuppressive protocol for use in a clinical islet transplant 
trial that included patients with brittle type 1 diabetes.” This initial 
trial was conducted in seven patients receiving islet grafts alone as 
well as exhibiting either severe hypoglycemic unawareness or un- 
controlled diabetes despite compliance with an insulin regime. Im- 
munosuppression was initiated immediately before transplantation 
using sirolimus (Rapamune), low-dose tacrolimus (Prograf), and a 
monoclonal antibody against the interleukin-2 receptor, daclizumab 
(Zenapax). No glucocorticoids were given at any time during the 
trial. As soon as sufficient numbers of islets were available for 
transplantation, patients were given prophylactic intravenous an- 
tibiotics (vancomycin and imipenem) and oral supplementation 
with vitamin E, vitamin B«, and vitamin A. Inhaled pentamidine 
(for PCP prophylaxis) was given once a month after transplanta- 
tion, and oral ganciclovir was given for 14 weeks to reduce the risk 
of graft loss and protect against lymphoproliferative disorder. Pa- 
tients received an average of 800,000 islet equivalents, which were 
isolated using xenoprotein-free medium and transplanted immedi- 
ately after isolation via transhepatic injection into the portal vein. 
Islet donors were matched for blood type and lymphocytotoxic an- 
tibodies but not HLA. Insulin therapy was discontinued after each 
transplantation and not resumed unless serum glucose concentra- 
tions rose above 200 mg/dL, in which case another transplant was 
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performed. Blood glucose levels were checked seven times per day. 
Patients also underwent oral glucose tolerance testing. HbA, and 
C-peptide levels were also measured. 

All seven patients quickly attained sustained insulin inde- 
pedence after receiving islets from two donor pancreases. One re- 
cipient required a third transplant from an additional two donors. 
The mean HbA,, values were normal in all transplant recipients. 
The amplitude of blood glucose fluctuations was dramatically de- 
creased, and further episodes of severe hypoglycemia, common be- 
fore transplantation, did not occur. Detectable C-peptide levels 
were measurable at 3 and 6 months. Glucose tolerance was not 
completely normalized; whereas none of the recipients had dia- 
betic oral glucose tolerance tests, five had impaired glucose toler- 
ance, and two had impaired fasting glucose. 

In a more recent publication of the results from the Edmonton 
Group, data were provided on 12 type | diabetic patients receiving 
islet allogratts with the same protocol and with a median follow-up 
of 10.2 months, with the longest at 20 months.°' Each patient re- 
ceived approximately 850,000 islet equivalents isolated from two 
to four donor pancreases. In 11 of 12 patients, insulin independ- 
ence was obtained when a minimum of 9000 islet equivalents/kg 
were implanted intraportally. The one patient that required daily 
insulin despite receiving 9000 islet equivalents/kg experienced a 
thrombosis in a peripheral portal vein, which may have contributed 
to a partial loss of islet function. All patients, however, discontinued 
insulin after the final transplant. The pretransplant fasting and meal 
tolerance~stimulated glucose levels were 12.5 + 1.9 and 20.0 + 
2.7 mmol/L, respectively, and were shown to significantly de- 
crease, with posttransplant level of 6.3 + 0. and 7.5 + 0.6 mmol/L, 
respectively. All patients were shown to have sustained insulin 
productions, as indicated by elevated C-peptide levels after a meal 
tolerance test. Four patients were reported to have normal glucose 
tolerance, five exhibited impaired glucose tolerance, and three 
required oral hypoglycemic agents and low-dose insulin (<10 U/ 
day). The most adverse complication observed in these patients 
was an increase in serum creatinine in two individuals who already 
had elevated serum creatinine. Other complications included in- 
creased blood pressure (four patients) that required antihyperten- 
sive therapy and elevated cholesterol where lipid-lowering therapy 
was required in three of these five patients. Nonetheless, none of 
the serious surgical complications that are associated with whole- 
pancreas transplant were evident in any of these 12 patients, and 
the procedure was simple and well tolerated. Even though these pa- 
tients have encountered a few complications with these trials, the 
longer the patients remain off insulin, the more they have signifi- 
cantly improved glucose control, have no episodes of hypo- 
glycemia, and have an enhanced quality of life. Furthermore, this 
series of clinical transplants is the first to provide a scientific means 
of assessing the long-term efficacy of functional human islet 
allografts. In particular, it is now possible to define and, more im- 
portantly, optimize graft characteristics with respect to cellular 
composition and functional viability. which may be critical for 
long-term graft survival. 


SUPPLY OF ISLET TISSUE 


A limited supply of human donor pancreas makes it unrealistic for 
all persons with diabetes to achieve insulin independence through 
islets from multiple donors. Since it has been estimated that there 
are approximately 1-1.5 million islets in a human pancreas?“ 
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and the recipients of the Edmonton Protocol have required approx- 
imately 800,000 islet equivalents to achieve insulin independence, 
it is conceivable that a single donor pancreas can be used to treat 
one recipient. However, in the most optimal isolations, islet recov- 
ery is often 40% or lower, thereby necessitating the need for multi- 
ple pancreases for each recipient or developing an unlimited supply 
of insulin-producing tissue. 

One significant obstacle for successful, widespread clinical 
islet transplantation is the limited availability of insulin-producing 
tissue. Each year in the United States, approximately 5000 organ 
donors are available, and only a portion of these are suitable for 
islet transplantation.” Yet there are approximately 30,000 new 
cases of type | diabetes each year. Clearly, the demand for 
insulin-producing tissue is higher than the availability of human 
islets. In an attempt to overcome the “islet supply” problem, 
insulin-producing tissue from abundant and readily accessible 
sources is being considered for clinical transplantation. These 
sources include (1) porcine and bovine istets,°”"”! (2) fish Brock- 
mann bodies,” (3) genetically engineered insulin-secreting cell 
lines, *5 and (4) in vitro production of human pancreatic islet tis- 
sues.’°’” Most studies have shown there is limited in vitro growth 
of adult islet cells of any species, but several recent reports have 
found cell proliferation using cultures of islet preparations with 
extracellular matrix and growth factors. Two recent studies demon- 
strated that human pancreatic ductal tissue can be expanded in cul- 
ture and then induced to differentiate into islet tissue in vitro. “7 
Our group has also demonstrated that human pancreatic ductal 
cells can be successfully differentiated in vitro into insulin-posilive 
cells (Fig. 56-1). However, due to the limited availability of the 
ductal tissue as well as its limited ability to differentiate into pan- 
creatic endocrine cells, further optimization of conditions are 
needed to generate yields of islet tissue that can make an impact on 
islet isolation. 

Considering that less than 95% of the pancreas is exocrine, it 
would be extraordinary if this normally discarded majority fraction 
could be converted to endocrine tissue suitable for transplantation. 
Indeed, the hypothesis exists that acinar cells have the innate 
ability to “‘transdifferentiate” into endocrine islets.’*’? Remarkably, 


FIGURE 56-1. Immunohistochemical localization of insulin-positive cells 
following tissue culture of human pancreatic ductal tissue. Human pancre- 
atic ductal cells were cultured as monolayers in four-wel! chamber slides 
for 16 days. Insulin-positive cells were absent at the beginning of culture 
and were found scattered throughout the monolayer after 16 days’ culture. 
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digested human pancreatic acinar cells (amylase-positive, cytoker- 
atin-19 negative) take on a ductal phenotype (amylase-negative, 
cytokeratin-19 positive) after only a few days culture.® Notably, 
the possibilities of overgrowth of the acinar population by a ductal 
subpopulation or selective adherence were excluded in this study. 
This process is associated with the induction of PDX-I expres- 
sion,*!*? a homeodomain transcription factor believed to be a mas- 
ter regulator of B-cell development. The decisive role of PDX-1 in 
endocrine differentiation was recently demonstrated in the liver, 
whereby targeted expression of PDX-1 resulted in insulin gene ex- 
pression.” However, while the exocrine-derived ductal-like cells 
express PDX-1, little insulin gene expression occurs.*!*? The loss 
of insulin expression also occurs in expanded cells, despite re- 
tained PDX-1 expression.** Nevertheless, if the differentiation po- 
tential of these putative pancreatic stem cells is confirmed, as re- 
cently suggested, 67% this model may have immediate clinical 
repercussions. 

The establishment of pluripotent embryonic stem cells®**? and 
embryonic germ cells* introduces a new potential source for cell 
therapy for the treatment of patients with type 1 diabetes. Glucose- 
sensitive insulin secreting cells have been produced from mouse 
embryonic stem cells.*?? In one study, which utilizes a gene trap 
strategy to clone insulin-producing cells, these clones exhibited 
regulated insulin secretion in vitro and achieved euglycemia fol- 
lowing transplantation in diabetic mice.*” However, 40% (6 of 15) 
of the recipients of these embryonic stem cells became hyper- 
glycemic at about 12 weeks posttransplant.’ In a subsequent study, 
insulin expressing as well as other pancreatic endocrine cells were 
produced from mouse embryonic stem cells.” These endocrine 
cells were shown to self-assemble into three-dimensional cell clus- 
ters similar in morphology to normal pancreatic islets. These cell 
clusters were responsive to glucose in vitro; however, they were 
shown to contain 50 times less insulin per B cell than found in 
normal B cells, thereby suggesting an immature phenotype. When 
culturing undifferentiated human embryonic stem cells in either 
adherent or suspension tissue culture, Assady and co-workers”! ob- 
served spontaneous differentiation of numerous insulin-positive 
cells. These newly differentiated cells were associated with the 
expression of B-cell-related genes and shown to secrete insulin 
into the tissue culture medium, but were not shown to be glucose- 
responsive.” Taken together, these studies demonstrate that the en- 
gineering of embryonic stem cells to produce an abundant source 
of islet tissue for transplantation holds a growing promise for find- 
ing a solution to the supply of insulin-producing tissue. 

Although the production of islet tissue from pancreatic stem 
cells is exciting and encouraging, there still are ethical concerns as- 
sociated with embryonic cells as well as the limited potential of 
adult pancreatic stem cells to generate sufficient quantities of islet 
tissue for the treatment of patients with diabetes. Thus, porcine 
islets are still being considered as an unlimited supply of insulin- 
producing tissue. Pigs are attractive because they have many phys- 
iologic similarities to humans and their glucose levels are similar to 
those of humans. In addition, pigs can be raised in a controlled en- 
vironment and subjected to genetic manipulation, thus making the 
use of their organs and tissues as xenografts more acceptable. 

The first description of a method for the isolation of adult 
porcine islets appeared in 1974 when Sutherland and colleagues”® 
used a modification of the collagenase technique described for rat 
isolation to prepare porcine islets for autotransplantation. In 1986, 
Ricordi and coworkers*® reported that an average of 80,000 islets 
could be prepared from adult pigs by an enzymatic and mechanical 


procedure. Marchetti and colleagues”? were able to isolate an aver- 
age of 500,000 islets per adult pig pancreas using a method based 
on collagenase digestion and filtration of the digested tissue. 
Warnock and colleagues” reported that remarkable purity can be 
obtained from their isolation technique, but the majority of adult 
pig islets were lost during the purification stage. These losses, 
which also occur during subsequent tissue culture, are due predom- 
inately to the excessive fragility of the adult porcine islet. In spite 
of the occasional advance in the isolation of adult pig islets, there 
still remains serious problems in obtaining intact, viable adult pig 
islets to provide a source of islet tissue for transplantation. 

The use of fetal porcine islets for treating patients with type 1 
diabetes was performed by Groth and coworkers“? in Sweden. Al- 
though there was no evidence to indicate engraftment of the fetal 
cells, all patients in this study tolerated the procedure well and no 
adverse effects were recorded. Unlike adult pig islets, tissue culture 
of collagenase-digested fetal porcine pancreas produces viable 
islet-like cell clusters” that have the ability to cure diabetes in nude 
mice within 2 months posttransplantation.”* A general finding, 
however, in rat,”>-”* porcine,” and human fetal pancreatic cells is 
that they exhibit a poor insulin secretory response to glucose, and 
the onset of maturation of glucose-induced insulin secretion is 
more evident in the postnatal period.” -°° Thus, recent attention 
has focused on the potential of pancreatic cells obtained from 
neonatal pigs.°” 

Neonatal porcine islets have the advantage of being more ma- 
ture than the fetal islets and yet maintain considerable capacity for 
growth. Korbutt and colleagues” developed a simple, standardized 
procedure for isolating large numbers of neonatal porcine islet cell 
aggregates with a reproducible and defined cellular composition. 
After 9 days of culture, the average number of neonatal porcine 
islet cell aggregates recovered from one pancreas was approxi- 
mately 50,000. As opposed to adult pig islets, which are known to 
consist of approximately 80-90% endocrine cells, neonatal 
porcine islets consist primarily of 35% fully differentiated en- 
docrine cells and 55% epithelial cells or endocrine precursor 
cells.©’ In vitro viability assessment of the cultured islets showed 
that in the presence of 20 mmol glucose, the islets were capable of 
releasing seven-fold more insulin than at 2.8 mmol glucose. When 
exposed to 20 mmol glucose plus 10 mmol theophylline, the stim- 
ulation index increased to 30-fold compared to basal release. 
Moreover, transplantation of 2000 neonatal porcine islet cell aggre- 
gates (consisting of 6 X 10° B cells) under the kidney capsule of 
alloxan-induced diabetic nude mice corrected hyperglycemia in 
100% (20/20) of recipients within 8 weeks posttransplantation.”” 
Examination of the neonatal porcine islet grafts revealed that they 
were largely composed of insulin-positive cells and the cellular in- 
sulin content of these grafts was 20- to 30-fold higher than at the 
time of transplantation. These results indicate that abundant neona- 
tal porcine islets that have the potential for growth can be routinely 
isolated in the laboratory and may possibly be used for clinical 
transplantation. Ultimately, the availability of an unlimited supply 
of insulin-producing tissue would solve the problem of donor sup- 
ply for the treatment of patients with type | diabetes. 


PREVENTION OF ISLET GRAFT REJECTION 


It has been suggested that the predominant pathway of islet allo- 
graft rejection is through direct antigen presentation by donor-type 
APC.”""'°! Thus, donor tissue has been pretreated to reduce its 
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immunogenicity, placed in immunoisolation devices, or trans- 
planted into immunoprivileged sites. The main rationale for pre- 
treating donor islets is to eliminate the need for continuous im- 
munosuppression. Various methods of pretreating islets prior to 
allografting have been demonstrated to be successful in rodent 
models. Isolated islets have been pretreated to eliminate or inacti- 
vate major histocompatibility complex (MHC) class Il-bearing 
cells, which are known to exert potent immunostimulatory ef- 
fects.'°?-'°> Faustman and colleagues ®™®™!” demonstrated that islet 
grafts remained functional in allogeneic recipients preexposed to a 
cell-specific antibody cytotoxicity reaction, which selectively de- 
stroys Ia-expressing or dendritic cells before transplantation. This 
procedure was marginally successful, however, when used by re- 
searchers in other laboratories. '"®!9 The use of ultraviolet light to 
inactivate allostimulatory cells for prolonging rat islet allografts 
was reported by Lau and coworkers." However, when tested in 
experiments using rats with a stronger allogeneic response, pre- 
treatment by ultraviolet light required temporary immunosuppres- 
sion to permit survival of donor tissue.'® Islets have also been cul- 
tured to reduce islet immunogenicity, either at 24°C''® or at 37°C 
in the presence of a gaseous phase containing 95% oxygen.''! 
Lacy and colleagues!’ demonstrated that culture at 24°C for 
7 days prolonged survival of allogeneic rat islets, provided the 
recipients received a single injection of antilymphocyte serum. In- 
terestingly, Markmann and coworkers'!? showed that the reduced 
immunogenecity of rat islets cultured at 24°C is correlated to a re- 
duction in endocrine cells’ class I MHC antigen expression rather 
than to the depletion of class II-positive cells. Warnock and asso- 
ciates''? reported that low-temperature culture of dog islet allo- 
grafts in combination with low doses of cyclosporine improved 
survival; however, grafts failed after cessation of cyclosporine 
treatment. In addition, human islet allografts were also rejected de- 
spite the use of immunosuppression and low-temperature culture 
for 7 days.''* These studies indicate that although pretreatment can 
prevent islet allograft rejection in mice and rats, its efficacy in 
larger animal models is highly dependent on immunosuppressive 
treatment. 

Prevention of experimental islet allograft rejection has also 
been tested by placing islets in immunoisolation devices con- 
structed of semipermeable membranes separating donor tissue 
from the recipient’s immune system. These devices consist of syn- 
thetic membranes that allow diffusion of low-molecular-weight 
substances (i.e., glucose, insulin) yet exclude cellular contacts be- 
tween donor and host cells as well as passage of larger-molecular- 
weight molecules (i.e., immunoglobulins). Islets have been im- 
munoisolated by placing them in biohybrid chamber anastomosed 
to the vascular system, ''* diffusion chambers, '!®''” and microcap- 
sules.''®''? Although numerous studies have shown successful re- 
versal of diabetes by transplanting alginate microencapsulated ro- 
dent islets in chemically induced diabetic recipients, many of these 
reports have been difficult to reproduce, and moreover, there has 
been limited success in the NOD mouse model. More recently, 
however, Duvivier-Kali, et al. have described a novel microencap- 
sulation technique that provides complete protection of mouse 
islets against allorejection as well as the recurrence of autoimmune 
diabetes.!”° This technique utilizes a simple, highly biocompatible 
barium alginate membrane without a traditional permselective 
component. 

Many sites have also been explored for their potential of pro- 
viding an immunoprivileged environment for islet grafts. Dis- 
persed pancreatic islet cells were shown to restore normoglycemia 
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following intracerebral allotransplantation in diabetic rats.*! When 
implanted into the testes, concordant islet xenografts were shown 
to exhibit prolonged survival survival.” Korbutt and colleagues de- 
veloped a novel cellular therapeutic approach to engraft and protect 
islet grafts from immune-mediated destruction. The approach uses 
Sertoli cells to create an immunologically privileged site that pro- 
tects rodent islet grafts from allogeneic rejection,'?! as well as au- 
toimmune destruction in NOD mice,'®?!*? without requiring 
chronic immunosuppression. Interestingly, it was shown that Ser- 
toli cell-secreted transforming growth factor-81, not FasL, was the 
underlying mechanism that was responsible for protecting the 
grafts from autoimmune destruction.'” 

Since porcine islets are being considered as a potential source 
of insulin-producing tissue for clinical transplantation, studies to 
further understand the rejection process as well as prevention of 
xenograft rejection have been conducted. In solid organ xenotrans- 
plantation, it has been demonstrated that a major barrier to discor- 
dant (e.g., pig-to-human) xenotransplantation is the occurrence of 
hyperacute rejection (HAR). HAR is a process believed to be initi- 
ated when naturally occurring xenoreactive antibodies in the recip- 
ient’s sera binds to antigens present on the surface of endothelial 
(and other) cells within the xenograft. In turn, antibody binding ac- 
tivates complement, which rapidly destroys the transplanted organ 
or tissue.'*"'?? HAR is characterized pathologically by severe 
endothelial cell aggregation of platelets to form thrombi, infiltra- 
tion by neutrophils, edema, and interstitial hemorrhage. "%6! 
All of these effects are the result of endothelial cell activation and 
lysis by the combined action of recipient antibodies and com- 
plement.'2*!?8 The most important target for these antibodies has 
been identified as the carbohydrate gala(1,3)gal.'?!"'"* This epi- 
tope is present in high concentrations on all porcine endothelial 
cells, >!" and has also been detected on fetal porcine islet 
cells." Rapid destruction of an islet graft has been described in 
a rabbit-to-primate model,'** and it has been demonstrated that 
neonatal porcine islet B cells express gala(1,3)gal and are suscep- 
tible to cytolysis mediated by human antibody and comple- 
ment.'*:'*° To develop a strategy to protect porcine islets from this 
form of destruction, Rayat and coworkers'*' demonstrated that 
microencapsulating neonatal porcine allows protection of neonatal 
porcine islets from the cytotoxic effects of human antibody and 
complement in vitro. 

In addition to humoral-mediated rejection, T cells are also ca- 
pable of inducing xenograft rejection and are likely to be the most 
significant barrier to successful xenotransplantation.'*? It has been 
suggested that islet xenograft rejection appears to be less depend- 
ent on donor APC than allograft rejection.'*' In contrast to allograft 
rejection where CD8+ T cells play a major role, CD8+ T cells are 
not required for acute xenograft rejection.'°' Rather, CD4+ T cells 
appear to be the predominant T-cell subset involved in porcine islet 
graft rejection." Murray and associates! demonstrated that 
neonatal porcine islets do not express sufficiently high levels of 
costimulatory and/or adhesion molecules to either activate human 
CD8+ T cells or to be effective targets for activated human cyto- 
toxic lymphocytes. Moreover, this study also suggests that neonatal 
porcine islets may not be destroyed by a natural killer cell or cyto- 
toxic lymphocyte—mediated lytic mechanisms after transplantation 
into humans.'** These studies on the experimental prevention of 
islet allogeneic and xenogeneic rejection provide novel approaches 
for permitting long-term graft survival, which stimulate attempts in 
larger animal models for their ultimate application in patients with 
type 1 diabetes. 
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CONCLUSION 


In the 1970s, normoglycemia was achieved in rodents with chemi- 
cally induced diabetes following islet transplantation. Twenty years 
later, islet transplantation became a clinical reality, resulting in long- 
term insulin independence in only a few isolated cases. As of Janu- 
ary, 2001, 12 patients with type | diabetes had received islet trans- 
plants using the Edmonton protocol. *' All recipients achieved 
insulin independence and exhibited significant improvements in 
their glycemic contro] and were no longer at risk for severe hypo- 
glycemia. Several lessons have been learned from this experience 
with the Edmonton protocol. First, prolonged insulin independence 
is now achievable with a sufficient mass of viable islets and using an 
appropriate immunosuppressive protocol. Second, functional islet 
survival appears to be determined by the characteristics of the islet 
preparation, such that cold-ischemia time of the donor pancreas is an 
important determinant of islet viability and should be minimized.°! 
Finally, these short-term results are extremely encouraging and pro- 
vide the impetus for continued research in this area. 
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CHAPTER 57 


New Treatments for Diabetes Mellitus: 


Outlook for the Future 


Lester B. Salans 


INTRODUCTION 


The importance of achieving and maintaining normal or near- 
normal blood glucose levels (“tight” glucose control) in individuals 
with diabetes mellitus is well established. In the great majority of di- 
abetic patients, however, glycemic levels necessary to completely 
control the disease and to eliminate chronic complications are not 
achieved. As a result, the disease progressively worsens over time 
and complications develop. Research advances have provided new 
management tools to achieve tight glucose control and treatment of 
diabetes has improved, but the intensive therapeutic regimens re- 
quired are neither practical nor feasible for many patients. Even 
under circumstances in which best current treatment is optimally ap- 
plied by highly motivated patients, tight control of blood glucose 
greatly reduces, but does not entirely eliminate, disease progression 
and complications. While this is a significant advance over past 
treatments, it is insufficient and limited to too few individuals. 
Clearly, there is a need for still better treatments and better treatment 
methods. 

This chapter will review some of the major shortcomings of 
current treatment and treatment approaches for type 1 (TIDM) and 
type 2 diabetes mellitus (T2DM), and within this context will high- 
light some of the pharmacologic agents and technologies under 
investigation and development for the treatment of diabetes in 
the future. New therapies for prevention and treatment of diabetic 
complications are also discussed. The focus of the chapter is on 
blood glucose control, although the importance of controlling other 
risk factors such as dyslipidemia and hypertension is fully recog- 
nized (see Chaps. 47 and 48). 


T1DM: TREATMENT SHORTCOMINGS 


Insulin is Not Delivered Physiologically 


Current methods of insulin replacement do not mimic physiologic 
glycemic control closely enough. Delivery of insulin by subcuta- 
neous injection and insulin pumps does not adequately imitate the 
control of blood glucose achieved by normal pancreatic B (beta) 
cells, which continuously adjust insulin secretion according to the 
prevailing blood glucose. Subcutaneous administration by injec- 
tion and pump delivers insulin to the peripheral circulation rather 
than portally, the physiologic route, thereby bypassing the liver’s 


ability to modulate peripheral insulinemia. As a consequence of 
bypassing first-pass hepatic extraction, insulin is delivered to the 
peripheral tissues in pharmacologic doses, causing chronic expo- 
sure to excessive levels of insulin, especially in the fasting or basal 
state. Chronic hyperinsulinemia impairs insulin action and may in- 
crease the risk of diabetic complications. 

While providing too much insulin during basal or fasting con- 
ditions, current practice often does not provide insulin in suffi- 
cient amounts or with the appropriate timing and pharmacokinet- 
ics to control mealtime and postprandial glucose levels. As a 
result, mealtime blood glucose excursions are excessive. Adminis- 
tration of insulin after, rather than before, blood glucose is ele- 
vated is not only unphysiologic, but it is also inefficient; much 
less insulin is required to prevent hyperglycemia than to reduce 
hyperglycemia.’ 


Intensive Treatment Regimens 
Are Not Readily Applicable 


Achievement of levels of blood glucose necessary to prevent or 
control disease progression and diabetic complications requires 
strict therapeutic regimens that are neither practical nor feasible 
for many patients and their families. Intensive therapy requires 
multiple daily injections of insulin and frequent monitoring of 
blood glucose. Adherence to stringent dietary practices coupled 
with the necessity of coordinating food intake and insulin adminis- 
tration is difficult, especially for children and adolescents. No 
wonder most patients do not use the tools and do not follow the 
strict regimens of intensive treatment necessary to achieve tight 
glucose control. 


Intensive Therapy Regimens Cause Frequent 
Episodes of Hypoglycemia 


Current therapeutic regimens required to achieve normal or near- 
normal glycemia cause frequent episodes of hypoglycemia (more 
than a threefold increased risk of severe hypoglycemia in the 
DCCT). Hypoglycemia and the accompanying counterregulatory 
hormone response produced by iatrogenic hypoglycemia are often 
the major limiting factor in achieving tight glucose control. Fre- 
quent hypoglycemia causes hypoglycemic unawareness, a serious 
clinical problem (see Chap. 31). Avoidance of frequent hypo- 
glycemia restores hypoglycemia awareness.” 
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Health Care Professionals’ Experience 
with Intensive Glycemic Therapy is Limited 


Physicians and other health care professionals may not be ade- 
quately trained or experienced in the methods of intensive glycemic 
therapy. The integrated, multidisciplinary resources required for in- 
tensive therapy (e.g., dietitians, nurse educators, etc.) may not be 
available. 


Insufficient Patient Knowledge about Diabetes 
and Involvement in Self-Management 


Many patients do not fully understand their disease, the importance 
of tight glycemic control, and the principles of diet and exercise, 
nor are they sufficiently aware of the key role they must play in the 
treatment of their disease and attainment of good glycemic control. 


Limited Awareness and Inadequate Support 
for Diabetes Care from the Health Care System 


Intensive diabetes treatment is costly, beyond the capability of fam- 
ilies with limited financial resources, and inadequately reimbursed. 
The critical need for intensive therapy is not always understood by 
those who administer health care systems. 


CHANGES IN THERAPEUTIC 
APPROACHES FOR T1DM 


New Prevention Approaches 


Three targets provide the most obvious points for potential inter- 
vention in T1DM: genes, the immune system, and environmental 
factors. 


Genes 

The prevention, cure, and effective treatment of T1DM may ul- 
timately come from genetic research that can identify the genes 
conferring disease susceptibility and delineate the mechanisms by 
which they produce their effects. This might lead to gene-based 
therapies. While the major human genes for T1DM could be iden- 
tified and cloned within the relatively near future, elucidation of 
how they act to produce susceptibility to TIDM and development 
of gene-based therapy for this polygenic disease, if ever achiev- 
able, is unlikely to be accomplished in the near term. 


Immune System 

Immune modulation offers another approach for preventing 
T1DM. Primary prevention clinical trials are, or soon will be, under 
way to assess whether immune modulation can prevent TIDM in 
individuals at high risk (see Chap. 15). The NIH-sponsored Dia- 
betes Prevention Trial—Type 1 Diabetes (DPT-1) recently reported 
that daily parenteral or oral insulin administration to induce im- 
mune tolerance to insulin in individuals at high risk did not prevent 
subsequent development of TIDM.* Other means of modulating 
immune responses and preventing autoimmune B-cell destruction 
are being pursued, including antigen-, cytokine-, and monoclonal 
antibody—based interventions. However, applicability of results of 
tials in high-risk relatives to the general population in which 90% 
of new cases of T1DM occur is uncertain, and broader population- 
based trials will be necessary. Nevertheless, prevention of T1DM 
by immune intervention in high-risk relatives 1s certainly desirable 
and may be achievable. 


Environment 

A third approach to prevention of T1DM would be to block en- 
vironmental factors that activate or interact with T1DM suscepti- 
bility genes. Unfortunately, the offending environmental factors, 
whether infectious (e.g., viruses), toxins, dietary, or otherwise, are 
unknown. 


New Treatment Options 


Noninjectable Routes of Insulin 
Administration 


Oral Insulin 

Proteolytic degradation and poor absorption have so far made 
efforts to produce an orally bioavailable insulin unsuccessful. Ef- 
forts to expand oral delivery technologies for controlled release of 
molecules with predictable activity, e.g., polymer encapsulation 
and osmotic release technology, and to develop modified insulins 
that can be orally administered and reliably and reproducibly ab- 
sorbed through the buccal or intestinal mucosa without loss of bio- 
logical activity are ongoing, but far from being available for clini- 
cal application. * 


Orally Available Insulin Mimetics 

An orally bioavailable fungal metabolite that activates the 
human insulin receptor tyrosine kinase, mimicking the action of in- 
sulin and lowering blood glucose in diabetic mice, has recently 
been discovered. 


Inhaled Insulin 

Administration of insulin by the pulmonary route is currently in 
phase III clinical testing (see Chaps. 28 and 29),” and may be avail- 
able for treatment in the near future. Given its short duration of ac- 
tion, for type | diabetics inhaled insulin will have to be administered 
in combination with long- and/or intermediate-acting insulin to meet 
basal requirements and achieve 24-hour glycemic control. Issues of 
reproducible absorption, inhalation technology, powder versus liq- 
uid formulations, and long-term safety remain to be fully resolved. 


Other Routes 

While nasal and rectal routes of insulin administration appear 
unlikely to be successful, transdermal delivery by iontophoresis® 
and via innovative implantation technology is being investigated. 


New Injectable Insulin Formulations 


Rapid-Onset Short-Acting Insulin 

Rapid-onset short-acting lispro insulin has enabled better con- 
trol of mealtime glucose and improved overall glycemic control in 
many with TIDM.” Insulin aspart is a second rapid-onset short- 
acting insulin with similar activity to lispro insulin, available for 
treatment of diabetes.” Both of these insulins will be increasingly 
utilized in clinical practice in the future. 


Long-Acting Insulin 

Insulin glargine, a new long-acting insulin analog, has become 
available for clinical use.” This acidic insulin analog formulation 
cannot be mixed in the same syringe with other standard insulins. 
A second long-acting insulin analog, insulin detemir, is currently in 
clinical development.’ Clinical studies indicate that these insulin 
formulations provide relatively constant levels of basal insulin over 
24 hours. and achieve better control of fasting glucose and HbA,, 
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levels with less noctumal hypoglycemia than NPH insulin. They 
could enable significantly better glucose control when combined 
with injection or inhalation of other forms of insulin before meals. 


Hepatoselective Insulin Analogs 

A novel hepatoselective insulin analog, N°®'L-thyroxyl- 
insulin (B1-T4-Ins), has the potential to provide more physiologic 
insulin action than current insulin preparations.'! 


Pancreatic Islet Transplantation 

The use of islet allografts and novel combinations of immuno- 
suppressive agents in TIDM has recently shown promise,'? and 
multicenter trials are underway. A major hurdle is the lack of suffi- 
cient numbers of donor islets to meet the needs for successful islet 
transplantation. Pluripotential stem cells, and genetically engi- 
neered somatic cell lines may provide a source of cells and enable 
successful transplantation without requirement for lifelong im- 
mune suppression to prevent rejection and autoimmune destruction 
of transplanted cells (see Chap. 56). The early promise of xenograft 
transplanted pig islets appears to be fading because of concerns 
over possible transmission of infectious porcine microorganisms. 
Each of these approaches has significant hurdles to overcome be- 
fore successful clinical application is possible. 


The Artificial Pancreas 

An implantable “artificial pancreas” that provides continuous, 
on-line measurement of blood glucose, activating a mechanical de- 
vice (pump) to deliver insulin directly to the liver, with or without 
glucagon, would permit more physiologic and readily applicable 
replacement of insulin (see Chaps. 14 and 29). Such a device is un- 
likely to become available in the near future. In the meantime, the 
two components of insulin delivery, the insulin pump and glucose 
sensor, will be used separately in the management of diabetes. 


Implantable Insulin Pumps 

Delivery systems that are implantable, able to be regulated with 
greater precision, and have more safety features are being devel- 
oped and will be available in the not-too-distant future for treatment 
of TIDM and T2DM (see Chap. 29). Delivery of insulin directly to 
the liver, perhaps through an intraperitoneal route, if safe, would be 
more physiologic than delivery via the currently employed subcuta- 
neous route. Adequate training of health care personnel and of pa- 
tients and their families is essential for these devices to be used 
effectively and safely. 


Noninvasive Glucose Sensors 

The availability of accurate and sensitive, noninvasive glucose 
sensors for continuous measurement of blood glucose, displaying, 
downloading, and storing real-time blood glucose levels at a suit- 
able interval and containing reliable hypoglycemia alert alarm sys- 
tems, will greatly enhance glucose control and reduce the risk of 
hypoglycemia and hypoglycemia unawareness. Significant im- 
provement in glucose-sensing technology can be anticipated in the 
not-too-distant future (see Chap. 29). 


Control of Mealtime and Postprandial 

Glucose Levels 

Achievement of normal or near-normal glycemia requires con- 
trol of mealtime and postmeal blood glucose. not only fasting glu- 
cose.!? Treatment of TIDM will focus more on postprandial hyper- 
glycemia than in the past, and will increasingly utilize premeal 
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administration of fast-onset short-acting insulins such as lispro, as- 
part, and possibly inhaled insulin. An analog of amylin, pramlintide, 
has been reported to reduce postprandial glucose in both T1DM 
and T2DM, and is currently being tested in humans.'* If results 
show adequate efficacy and safety, this drug may be useful, but the 
requirement for parenteral administration and the fact that it cannot 
be mixed with insulin in the same syringe will limit its clinical 
application. 


Treatments to Induce Remission and 

Ameliorate Autoimmune B-Cell Destruction 

Advances in understanding of the immunology of TIDM have 
laid the foundation for several clinical trials to assess whether im- 
mune modulation can prevent TIDM, or slow B-cell! destruction 
and induce remission in newly diagnosed type 1 diabetics (see 
Chap. 15). As already discussed, the DPT-1 failed to demonstrate 
that daily parenteral insulin administration altered subsequent de- 
velopment of TIDM in individuals at high risk.’ Whether this fail- 
ure means that insulin is not an important antigen in the auto- 
immune destruction of B cells in TIDM, or is the result of a 
flawed study design in the clinical trial, is not clear at this time. 
Other antigen-based approaches utilizing other antigens postulated 
to play a role in the autoimmune destruction of B cells in TIDM, 
including IA-2, IA-2b, heat shock proteins (e.g., hsp60, hsp70), 
and other immune targets (e.g., IL-4 and IL-2 related), are also 
being evaluated in human type | diabetic patients. 

Studies in anima! models of diabetes such as the nonobese dia- 
betic (NOD) mouse demonstrate that several of these approaches can 
prevent development of insulitis and diabetes, but the relevance and 
applicability to the prevention and treatment of human TIDM of 
these results in mouse type | diabetes must await the outcomes of 
ongoing and future human clinical trials of these agents and ap- 
proaches. Encouragingly, initial clinical studies of a humanized anti- 
CD-3 monoclonal antibody have recently reported efficacy in induc- 
ing remission or slowing the rate of progression in newly diagnosed 
type | diabetic patients with sufficient remaining B-cell function." 


Methods to Stimulate B-Cell Regeneration 

and Growth and Inhibit B-Cell Apoptosis 

Advances in B-cell biology could eventually lead to develop- 
ment of methods to stimulate B-cell regeneration in patients with 
diabetes (see Chap. 14). Factors such as glucagon-like peptide 
(GLP-1), exendin-4. insulin-like growth factor (IGF-I), nitric 
oxide, and certain B-cell transcription factors (e.g., pancreas duo- 
denum homeobox-contuaining transcription factor-1 [PDX-1]) have 
been shown to possess stimulatory activity for islet cell growth, 
but their specificity is unknown.'*!” In TIDM this approach will 
have to be coupled with immune suppression to prevent auto- 
immune destruction of B cells; it may, therefore, be more feasible 
in patients with T2DM. Advances in this area may enable stimula- 
tion of B-cell growth and help to ensure an adequate supply for 
islet transplantation. 


T2DM: TREATMENT SHORTCOMINGS 


Limitations in Understanding the Causes 
and Pathophysiology of T2DM 


More effective and safer therapies directed towards specific under- 
lying defects require greater knowledge about the disease gained 
through intensified biomedical and behavioral research. 
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Limitations of Existing Oral 
Hypoglycemic Agents 


Current oral agents, at least as currently utilized by most patients, 
are limited in their ability to achieve normal or near-normal 
glycemia in most type 2 diabetic patients. Significant side effects 
such as hypoglycemia, gastrointestinal dysfunction, fluid retention, 
edema, liver failure, and lactic acidosis compromise proper dosing 
and limit patient compliance. Both more effective and safer drugs 
and better use of existing agents are required. 


Therapy May Be Initiated Too Late 


Treatment of T2DM is usually begun after the disease has pro- 
gressed significantly, perhaps to the point where intervention can 
have only limited effect. Numerous studies, most recently the 
UKPDS, "* have established that the complications of diabetes often 
begin before clinical diagnosis of the disease, and before the devel- 
opment of fasting hyperglycemia and elevated HbA.. Epidemio- 
logic evidence from the UKPDS indicates that increased risk for 
micro- and macrovascular disease begins at HbA,, levels of 6.5%. 

Both underlying defects of T2DM, insulin resistance and de- 
fective insulin secretion, exist before fasting hyperglycemia occurs, 
HbA,, becomes elevated, diagnosis of diabetes is made, and ther- 
apy is initiated. Both defects predict subsequent development of 
overt disease and may be risk factors for complications’? and both 
may be targets for earlier therapeutic intervention. For example, 
acute-phase insulin secretion is commonly lost at fasting glucose 
levels between 6.1 and 6.5 mmol/L.” Loss of acute phase insulin 
secretion in response to a meal causes mealtime and postprandial 
hyperglycemia, reactive hyperinsulinemia, and hypoglycemia, 
often the earliest clinically detectable abnormalities of T2DM. Iso- 
lated mealtime hyperglycemia commonly exists in individuals with 
normal fasting glucose levels, especially in older adults who make 
up such a large proportion of the type 2 diabetic population.” "> 
Restoration of early insulin levels has been reported to improve 
glucose tolerance in type 2 diabetics,' yet treatment usually does 
not begin until the diabetes is diagnosed by fasting hyperglycemia. 

Clearly, T2DM needs to be treated earlier, perhaps even before 
development of fasting hyperglycemia of 7.0 mmol/L as defined by 
current diagnostic criteria, and the current therapeutic target of 
HbA, of 7%. Further downward revision of the new diagnostic cri- 
teria established in 19974 may be necessary to help address this 
shortcoming. The results of the recently-concluded NIH-sponsored 
Diabetes Prevention Program (DPP) strongly support this view.” 
This study demonstrated that in prediabetic patients at high risk for 
developing T2DM (patients with impaired glucose tolerance), 
treatment intervention to improve glucose control can significantly 
reduce progression to overt clinical diabetes. 


Therapy Is Too Narrowly Focused 


Although, as just described, insulin resistance and defective insulin 
secretion exist early in the course of the disease, current treatment 
approaches usually address only one of these two abnormalities. 
Treatment is likely to be more effective if both defects, insulin re- 
sistance and impaired insulin secretion, are addressed, and in the 
view of this author the earlier the better. 

Additionally, current therapy is often focused on managing 
fasting hyperglycemia and on targeting this endpoint as a measure 
of adequate glycemic control. Mealtime and postprandial glycemia 


are often ignored, yet they contribute to overall 24-hour hyper- 
glycemia,'*”? worsen the underlying defects of insulin secretion 
and action, and may increase risk of complications. The newly es- 
tablished treatment targets focus on fasting plasma glucose levels 
and give scant attention to the importance of reducing postprandial 
hyperglycemia.”*”* As an additional consideration, several recent 
epidemiologic studies suggest that mealtime and postprandial 
blood glucose levels are independent risk factors for cardiovascular 
disease and mortality.?!?’ It is to be emphasized, however, that 
controlled clinical studies are needed to confirm this epidemiologic 
association. 

Future treatment of T2DM will be more broadly focused, to 
address both impaired insulin action and insulin secretion, and to 
reduce both fasting and postprandial hyperglycemia. 


Therapy Is Insufficiently Aggressive 


Blood glucose levels are often allowed to remain too high for too 
long because patients are asymptomatic. Combination therapy with 
oral agents and addition of, or switching to, insulin is too often de- 
layed until the disease is well advanced and glycemic control has 
deteriorated substantially. Efforts to control body weight, caloric 
intake, and physical activity are unfortunately often insufficient. 
Limitations in physician and allied health provider training and ex- 
perience in the management of diabetes, and inadequate patient 
self-management, also contribute to the lack of more aggressive 
therapy. 


Limited Awareness and Inadequate Support 


T2DM does not receive the priority or attention from governments 
and the health care system that is required to contain and control 
what is rapidly becoming a worldwide pandemic (see Chap. 19). 
The magnitude, medical seriousness, and enormous economic cost 
of T2DM, as well as the extent to which socioeconomic factors and 
lifestyle contribute to the disease, remain unrecognized by these 
agencies. Governments must take the lead in sponsoring programs 
to enhance public awareness, and introduce public health programs 
to modify social, cultural. and lifestyle factors that contribute to 
T2DM. 


CHANGES IN THERAPEUTIC APPROACHES 
FOR T2DM 


Prevention 


Theoretically, the most obvious means of preventing a large per- 
centage of cases of T2DM is to prevent obesity. Indeed, clinical 
studies demonstrate that lifestyle intervention, including diet, re- 
duced dietary fat intake, weight loss, and exercise, can significantly 
improve glucose tolerance in individuals at high risk for T2DM.*>* 
However, societal attitudes, lifestyles, and nutrition tend to increase 
body weight and reduce physical activity, and preventing obesity or 
reducing body weight has proven difficult to accomplish and to 
maintain over time. Unless these lifestyle issues can be addressed 
more effectively, other interventions, primarily pharmacologic, will 
be required for the treatment of T2DM. 

Prevention of T2DM may ultimately come from identification 
of the genes responsible for this form of the disease, and discovery 
of how they function to cause abnormalities of insulin secretion 
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and action. While the major human genes for T2DM might be iden- 
tified and cloned within a few years, elucidation of how they act, 
and development of gene-based therapy for this polygenic disease, 
if ever achievable, is unlikely to be accomplished for many years. 


New Treatment Options 


A major shift in the approach to the treatment of T2DM is required. 
Current treatment is often too late, too little, and too narrowly fo- 
cused. As discussed above, physician and allied health provider ed- 
ucation and training must be increased so that diagnosis and ther- 
apy are more aggressive. 


Earlier Diagnosis and Treatment 

Increased efforts to detect and treat asymptomatic patients with 
fasting hyperglycemia, elevated HbA,., and postprandial hyper- 
glycemia must become standard medical practice for the reasons 
discussed above. The recent downward revision of the fasting 
plasma glucose levels diagnostic of diabetes (i.e., =7 mmol/L [126 
mg/dL]),* and treatment target levels to HbA,, =7%, will enable 
earlier diagnosis and treatment, but these levels may not be low 
enough. The risk of complications appears to begin at significantly 
lower levels of fasting glucose and HbA | ¢.'8:74-7627-29-9 | ower di- 
agnostic criteria will enable earlier diagnosis and treatment of ab- 
normalities that contribute to disease progression and complica- 
tions, with the likelihood of more effective outcomes. However, 
documentation of such theoretical benefits through controlled clin- 
ical trials may be necessary to justify such a change in criteria. 

The establishment of the categories of impaired glucose toler- 
ance (IGT) and impaired fasting glucose (IFG) provides another 
opportunity for a major shift in the management of T2DM by po- 
tentially enabling earlier intervention.™*™ As discussed above, the 
DPP indicates that treatment during IGT, either with an effective 
program of diet and exercise or with the oral hypoglycemic drug 
metformin, can decrease the rate of progression of IGT to frank 
T2DM.”* Thus, in all likelihood, future therapy may be directed to- 
ward treating individuals with IGT with lifestyle change programs 
(diet, weight control, and exercise) or with oral hypoglycemic 
agents capable of overcoming insulin resistance and/or restoring 
acute insulin secretion and lowering postprandial blood glucose. 
Drugs with proven safety and very low risk of hypoglycemia will 
have to be utilized. The thiazolidenediones may offer an opportu- 
nity to address the fundamental abnormality of insulin resistance. 
However, because of their potential for significant side effects (dis- 
cussed later in this chapter), this class of drugs should not yet be 
utilized for early intervention in patients with IGT until adequate 
long-term safety has been clearly demonstrated. Though the DPP 
suggests that metformin may be sufficiently safe, at this time there 
is insufficient information from that study about patient tolerability 
of the drug. The newly emerging fast-acting nonsulfonylurea oral 
hypoglycemic drugs (discussed later in this chapter), which stimu- 
late first-phase insulin secretion and reduce postprandial glucose, 
thereby addressing an early type 2 defect, might have a role in 
treatment of patients with IGT, provided that their long-term safety 
is established. At this time, lifestyle modification. including better 
nutrition, weight loss, and maintenance of normal body weight, 
and an appropriate program of physical activity, appears to be the 
only intervention with a sufficient level of established safety to be 
utilized in IGT. 

Future therapy may also be directed toward treatment of pa- 
tients with IFG, again with drugs with proven safety and a very low 
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risk of hypoglycemia. As currently defined, IFG identifies a differ- 
ent group of at-risk patients in the population than does IGT, with 
perhaps as little as 30-50% overlap with IGT.°"° Thus if only 
VIFG is utilized to determine treatment intervention, large num- 
bers of patients with IGT would go undetected. Since IGT is 
known to be a significant risk factor for development of cardiovas- 
cular disease, detection and treatment of IFG alone, without detec- 
tion and treatment of IGT, would appear to be an undesirable strat- 
egy for early detection of risk and early intervention. For this 
reason, it has been suggested that the fasting glucose level diagnos- 
tic of IFG be lowered to =6 mmol/L (108 mg/dL) in order to iden- 
tify individuals more similar to those with IGT with regard to risk 
of cardiovascular disease,” and that oral glucose tolerance testing 
continue, especially in high-risk patients. 


Control of Mealtime and Postprandial 

Blood Glucose 

Therapy of T2DM in the future should focus not only on con- 
trolling fasting blood glucose and HbA,,, but also on control of 
mealtime and postmeal glucose levels. In some type 2 diabetic pa- 
tients, reduction of postprandial glucose levels has been shown to 
contribute to lowering HbA,, at least as much and possibly to a 
greater degree than reduction of fasting glucose.?!?? In the future, 
mealtime and postprandial hyperglycemia may be treated before 
fasting hyperglycemia occurs (i.e., before fasting glucose reaches 
>7 mmol/L or 125 mg/dL). For example, patients with elevated 
postprandial glucose levels, but normal fasting glucose, may be 
treated with oral hypoglycemic agents capable of stimulating early 
insulin secretion, and lowering postmeal hyperglycemia (discussed 
later in this chapter). Easier methods to detect patients with post- 
prandial hyperglycemia and to assess efficacy of treatment in a 
clinical setting are required. Screening of patients at high risk for 
developing T2DM with oral glucose tolerance tests is cumbersome, 
but may be desirable. Appropriate targets for postprandial glucose 
leveis will have to be established. Current epidemiologic data on 
increased cardiovascular risk suggest that a 2-hour postprandial 
plasma glucose of 11 mmol/L is too high, and that <10 mmol/L or 
180 mg/dL may be more appropriate.” 


Combination Therapy 

It is unlikely that a single oral agent will successfully control 
24-hour blood glucose levels for very long in most patients with 
T2DM. Combinations of two or more drugs (see Chaps. 30 and 32) 
that target both underlying defects of T2DM, impaired insulin se- 
cretion and action, and both fasting and postprandial hyper- 
glycemia, should begin earlier in the course of the disease, perhaps 
as early as at the time of diagnosis, in order to achieve better over- 
all glycemic control, and perhaps more successfully modify the 
disease process. At times, three oral hypoglycemic agents or two 
oral agents and insulin may have to be utilized. Earlier addition or 
switch to insulin may be required in certain patients in order to 
more aggressively control blood glucose. 


Control of Nonglucose Risk Factors 

In addition to control of blood glucose, restoration of normal 
blood lipids, with statins and other hypolipidemic agents, and 
blood pressure control are essential in the management of T2DM. 
Better outcomes in the future demand more aggressive antihyper- 
lipidemic and antihypertensive therapy, if necessary through the 
use of combinations of multiple drugs (see Chaps. 47 and 48). 
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New Orally Active Drugs To Stimulate Insulin 

Action and Overcome Insulin Resistance 

Numerous targets for oral agents to enhance insulin action and 
increase glucose disposal exist, principally insulin-signaling pro- 
teins shown to cause insulin resistance in insulin-resistant tissues 
and laboratory animals (see Chaps. 5 and 22). Although as dis- 
cussed in those chapters, defects have been demonstrated at several 
molecular sites in the insulin-signaling pathway, which, if any, ac- 
count for the insulin-resistant state in human T2DM, and therefore 
might be viable targets for new drugs to overcome insulin resis- 
tance, is unknown. Given the high likelihood that there is a hetero- 
geneity of defects responsible for insulin resistance in T2DM, that 
the relative contribution of each defect varies among type 2 pa- 
tients, and that insulin resistance may be the result of additive ef- 
fects of several interacting genetic and environmental (e.g., nutri- 
tional, obesity) factors on several insulin-signaling proteins, a 
single drug to prevent or correct all forms of insulin resistance in 
type 2 diabetic populations or even within individual type 2 pa- 
tients is unlikely. Rather, multiple drugs targeted to different sig- 
naling molecules, at times in a “cocktail-like” form, together with 
lifestyle interventions, may have to be utilized. 


Insulin Mimetics, Potentiators, and Sensitizers 

Molecules are being developed to act at the insulin receptor or 
at one or more postreceptor signaling events to either mimic, po- 
tentiate, or sensitize cells to insulin action in order to overcome in- 
sulin resistance and promote glucose disposal. The orally active 
fungal derivative mimicking insulin action through phosphoryla- 
tion of the tyrosine kinase domain of the insulin receptor described 
earlier is an example.® A second orally active nonpeptide agent 
which induces insulin-dependent activation of the tyrosine kinase 
domain of the insulin receptor B subunit and reduces blood glucose 
in diabetic laboratory animals suggests another potentially useful 
approach for the treatment of insulin resistance in T2DM.* In- 
hibitors of protein tyrosine phosphatase, especially PTP-1B, are 
currently being evaluated in laboratory animals.** They are re- 
ported to enhance insulin sensitivity, increase glucose uptake, and 
improve glucose tolerance. It remains to be seen whether sufficient 
selectivity and specificity can be achieved with these agents to 
avoid unacceptable toxicity. 

Other molecules involved in the cascade of signaling events 
that culminate in insulin’s metabolic action are being explored as 
targets for development of drugs to enhance insulin action and in- 
crease glucose disposal (e.g., insulin receptor substrate | [IRS-1]), 
second messenger systems such as phosphatidylinositol-3-kinase 
(PI-3-kinase), glucose transport (stimulation of GLUT-4 transloca- 
tion to the plasma membrane), and other downstream signaling 
proteins.***° 


Agents Acting Through PPARY 

The thiazolidenedione insulin sensitizers act through the nu- 
clear receptor, peroxisome proliferator activated receptor (PPAR) 
(see Chap. 32). They have been welcomed as a step forward in the 
management of T2DM because they enhance insulin sensitivity and 
increase glucose disposal, thus addressing insulin resistance, a fun- 
damental abnormality in T2DM. However, because of severe liver 
toxicity, the first thiazolidenedione, troglitazone, has been with- 
drawn. Rosiglitazone and pioglitazone, the most recently developed 
drugs in the class, appear not to cause hepatotoxicity, but more clin- 
ical experience is required to be certain of their safety in this regard. 
On the other hand, both of these drugs can cause significant weight 


gain, fluid retention, and edema, side effects that may limit their 
long-term usefulness. Additional thiazolidenedione analogs and 
nonthiazolidenedione drugs acting through PPAR with greater ef- 
ficacy and safety are being sought and developed.***” In this regard, 
RXR agonists, which act through the PPARy-RXR heterodimer to 
increase insulin action and decrease blood glucose, also appear to 
be associated with significant toxicity, raising doubts about the 
long-term clinical usefulness of drugs acting on this target. 

The recent observations that a PPARy knockout mouse model 
with PPARY deficiency is associated with increased insulin sensi- 
tivity,” and that a RXR antagonist reduces blood glucose in dia- 
betic laboratory animals,” suggests another PPAR-y-RXR-based 
approach to developing insulin sensitizers. Several dual PPAR ago- 
nists, targeting both PPARy for glucose control and PPARa for 
control of lipids are currently in clinical development.” If they are 
to be successful, it will be necessary to achieve the correct balance 
of PPARy and PPARa activity. 


B3-Adrenergic Receptor Agonists 

B3-Adrenergic receptor agonists, which increase energy expen- 
diture through increased thermogenesis in brown and lipolysis in 
white adipose tissue, and which increase insulin-stimulated glu- 
cose disposal and improve glucose tolerance in laboratory animals 
and humans,"' have so far been hampered by having modest hypo- 
glycemic efficacy, insufficient selectivity, and significant side ef- 
fects. These drawbacks must be overcome for this approach to be 
of use in the management of T2DM. 


Inhibition of Fatty Acid Oxidation 

It is highly likely that all agents focused on fatty acid oxidation 
inhibition will have the same unacceptable toxicities as previously 
developed and tested drugs.*” 


Inhibition of Hepatic Gluconeogenesis 

and Hepatic Glucose Output 

Inhibitors of gluconeogenic enzymes such as PEPCK and F1-6 
bisphosphonate have been associated with unacceptable toxicity, 
especially serious hypoglycemia. New avenues of research in this 
area include: (1) overexpression of the bifunctional hepatic enzyme 
6-phosphofructo-2-kinase/fructose-2-6-bisphosphonate, thereby de- 
creasing gluconeogenesis and increasing glycolysis,” and (2) mod- 
ulation of hepatic nuclear transcription factors that regulate glu- 
coneogenic enzymes,” an indirect approach that may lead to 
therapeutic agents to inhibit gluconeogenesis that are safer than 
those directly targeting gluconeogenic enzymes in the liver. 


Stimulation of Glycogen Synthesis 

The demonstration that reduced levels of hepatic glycogen 
contribute to dysregulated hepatic glucose production in T2DM 
has led to efforts to seek drugs that increase the capacity of the liver 
for glycogenesis. Focus has been on molecules that enhance the 
activity of glycogen synthase, hepatic glucokinase, and protein 
phosphatase-1 (PP-1). In laboratory animals these approaches have 
been associated with increased hepatic glucose disposal. Hepatic 
overexpression of glucokinase reduces blood glucose concentra- 
tion in diabetic mice, but increases plasma free fatty acids and 
triglycerides. Increasing expression of other regulated members of 
the family of glycogen-targeting subunits of hepatic PP-1 to en- 
hance glucose disposal and glycogen storage in diabetic patients, 
thereby lowering blood glucose levels, are being pursued.” 
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Growth Hormone and IGF-1 

Fragments of growth hormone (e.g., hGH 6-13) have been 
shown to increase insulin action and improve glucose tolerance in 
laboratory animals, and several analogs are in preclinical develop- 
ment.** Adequate oral bioavailability is uncertain. IGF-1 has been 
demonstrated to substitute for insulin action in rodents and humans, 
and has been explored for treatment of T2DM.“° IGF-! has been 
associated with side effects, but they can be reduced by combina- 
tion with IGF-BP3. Inhibition of growth hormone secretion by 
IGF-I and somatostatin analogs are also being evaluated. To date 
they have met with limited success. Inhibition of growth hormone 
may promote obesity, and thus on balance may be undesirable. 


Glucagon Inhibition 

Inhibitors of pancreatic glucagon secretion (e.g., glucagon-like 
peptide [GLP-1], somatostatin, exendin-4*”"*), and of glucagon ac- 
tion in the liver (e.g., glucagon receptor antagonists*’), have been 
shown to reduce blood glucose in laboratory animals. GLP-1 and 
synthetic exendin-4 have to be made either orally bioavailable or 
long-acting for large-scale application to treatment of T2DM. Such 
agents are unlikely to have a major impact on glycemic control un- 
less used in combination with other hypoglycemic agents, but they 
may have the desirable effect of reducing insulin dosage. 


Miscellaneous Approaches To Overcome 

Insulin Resistance 

Among various approaches currently being pursued are TNFa 
antagonists, resistin antagonists, and adenosine agonists.°*"° 


Obesity-Related Approaches 

The most obvious target for increasing insulin action in T2DM 
and returning blood glucose to normal or near-normal levels is re- 
duction of excess adiposity. Indeed, numerous clinical studies 
demonstrate that lifestyle intervention can significantly improve 
glucose tolerance in individuals at high risk for T2DM.”* Although 
recent progress in basic research has been great (see Chap. 23), 
many years will probably be required to develop effective drugs to 
prevent obesity or achieve and maintain weight loss. It is unlikely 
that a drug targeted to a single mechanism (e.g., leptin), a neuro- 
endocrine peptide or receptor, or an uncoupling protein, will be 
successful given the redundancy and complexity of the process reg- 
ulating eating behavior, energy homeostasis, and the adipose tissue 
mass. Rather, a combination of agents targeted to different sites in 
this process is likely to be required. 


New Drugs To Stimulate Insulin Secretion 

Several approaches to stimulate insulin secretion in a more 
physiologic manner are currently being pursued, and compounds 
are being tested in humans, including agents that stimulate first- 
phase insulin secretion, restore B-cell sensitivity to glucose, and 
stimulate or mimic gastrointestinal tract incretins such as GLP-1. 


Nonsulfonylurea Insulin Secretagogues 

A new class of nonsulfonylurea insulin secretagogues are now 
available for reducing mealtime and postprandial hyperglycemia in 
type 2 diabetics. This has not been achievable or achievable to only 
a limited degree by other oral hypoglycemic agents. Two drugs 
from this class are available: repaglinide, a benzoic acid deriva- 
tive,”' and nateglinide, an amino acid derivative.” A third agent, 
KAD 1229, is currently in development with only limited clinical 
experience at this time.” 
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These drugs stimulate insulin secretion with a rapid onset and 
short duration of action, thereby reducing excessive mealtime glu- 
cose excursions that adversely affect overall glycemic control, and 
avoiding prolonged elevation of plasma insulin levels and exposure 
of tissues to hyperinsulinemia, in contrast to even the fast-acting 
sulfonylureas glipizide, gliclazide, and glimiperide. 

The major value of these short-acting nonsulfonylurea insulin 
secretagogues appears to be their stimulation of early insulin secre- 
tion after a meal and control of postprandial glucose, thereby offer- 
ing the opportunity in certain subsets of type 2 patients to achieve 
better overall glycemic control and lower HbA,, levels than is 
achievable with current drugs that focus only on fasting glucose. 
These drugs appear to be most useful when combined with drugs 
that enhance insulin action, and control fasting glucose (e.g., met- 
formin or thiazolidenediones). Combination with sulfonylureas ap- 
pears to have little or no added benefit. As monotherapy, these 
drugs may be useful for treatment of patients with T2DM who do 
not respond adequately to diet and exercise, suffer mild degrees of 
hyperglycemia (=7mm/L, = 126mg/dL), and are either early in the 
course of their disease, or are elderly, in whom hyperglycemia 
during (prandial) and after meals (postprandial) is the most pro- 
nounced glycemic abnormality, while fasting plasma glucose is 
either normal or mildly increased. For type 2 patients with more se- 
vere degrees of hyperglycemia, monotherapy with these agents is 
insufficient. To date, drugs of this class appear to be well tolerated 
and safe, particularly for avoiding hypoglycemia in patients with 
blood glucose levels below 180 mg/dL (10 mmol/L) and in older 
adults with T2DM. If proven safe with a low risk of hypoglycemia 
over the long term, these drugs may have a role in treatment of IGT. 


Glucagon-Like Peptide-1 (GLP-1) 

GLP-1 agonists and drugs that raise plasma levels of GLP-1 
are being developed by several companies as a new approach for 
improving glycemic control (see Chap. 6).*7***7"** Because of its 
extremely short half-life and the need for parenteral administration, 
native GLP- 1 itself is unlikely to become a therapeutic agent. Mod- 
ified GLP-1 molecules with longer half-lives, requiring only once 
or twice daily injection. are also in clinical development and may 
soon be available for clinical practice. Since these agents must be 
administered parenterally on a daily basis, their applicability to the 
treatment of T2DM may be limited. An orally bioavailable in- 
hibitor of DDP-IV,** the enzyme that degrades GLP-1, is currently 
in clinical development. This agent raises and maintains increased 
GLP-1 and GIP levels, increases insulin secretion and insulin ac- 
tion, inhibits glucagon secretion, reduces plasma glucose levels, 
and improves glucose tolerance in animal models of T2DM. Clini- 
cal trials have recently been initiated, and if efficacy is demon- 
strated, and inhibition of DDP-IV and prolonged elevation of 
GLP-1, GIP, and other peptides is safe, this could be an attractive 
drug for treatment of T2DM. 

Exendin-4 is a 39-amino-acid peptide isolated from the saliva 
of the Gila monster. It has 53% sequence homology to GLP-1. A 
synthetic exendin-4 molecule, Ac2993, stimulates insulin secre- 
tion, reduces glucagon secretion, enhances insulin action, slows 
gastric emptying, and reduces plasma glucose in laboratory ani- 
mals and humans.“* Like GLP-1, this peptide must be administered 
parenterally, but unlike GLP-1 it has a prolonged half-life and ac- 
tivity. If ongoing clinical trials demonstrate adequate safety and ef- 
ficacy in patients with T2DM, and an orally bioavailable formula- 
tion or a molecule with an extended half-life not requiring daily 
injection can be developed for large scale clinical application, 
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exendin-4 could have considerable value in the future treatment 
of T2DM. 

If these drugs become available for clinical use, it is likely that 
they will be most useful in the treatment of T2DM as combinations 
of oral and parenteral forms, depending on the stage and severity of 
the disease, and when combined with other hypoglycemic agents. 


Glucokinase 

Efforts to restore or enhance B-cell sensitivity to glucose-stimu- 
lated insulin secretion by stimulation of B-cell—specific glucokinase 
activity are currently under investigation.*© Even if a defect in glu- 
cokinase does not exist in the great majority of type 2 diabetics, in- 
creased B-cell sensitivity to glucose should be useful. While an 
agent enhancing glucokinase activity in both the ß cell and the liver 
might appear to be attractive, a B-cell-specific drug may be prefer- 
able, given the finding that glucokinase stimulation in the liver of ro- 
dents is associated with elevated free fatty acids and triglycerides.“ 


Reduction of Insulin Dosage 

and Hyperinsulinemia 

It has been postulated that hyperinsulinemia contributes to the 
development of diabetic macrovascular disease. To minimize hy- 
perinsulinemia, drugs that can be co-administered with insulin to 
reduce insulin dosage, such as the thiazolidenediones, will be in- 
creasingly utilized, if such use is not prevented by safety problems. 
Pramlintide, an analog of amylin, has been reported to reduce in- 
sulin dosage in both TIDM and T2DM, and is currently under- 
going clinical testing.'“ If safe and effective, this drug may be use- 
ful in insulin-treated patients with TIDM and T2DM, but the 
requirement for parenteral administration and the inability to mix it 
with insulin in the same syringe will limit its clinical application. 


Other New Treatment Options 

Methods to stimulate B-cell growth and regeneration, im- 
proved glucose sensors, the artificial pancreas, and islet transplan- 
tation, discussed earlier under the section on T]DM, are equally 
applicable to the management of T2DM, and offer opportunities 
for improved outcomes in the future. 


COMPLICATIONS OF DIABETES 


Therapies for Prevention and Treatment 


Optimal Glycemic Control 

Control of blood glucose to normal or near normal levels will 
continue to be the cornerstone of treatment to prevent and slow the 
rate of progression of diabetic complications. Methods for achiev- 
ing this goal have been discussed earlier in this chapter. 


Tissue-Specific Therapies 

Identification of potential molecular and biochemical mecha- 
nisms by which hyperglycemia causes tissue damage gives rise to 
potential new therapeutic interventions targeted directly at diabetic 
complications (see Chaps. 1, 40-50, and 55). Many of these ap- 
proaches are directed towards hyperglycemia-induced alterations 
in vascular endothelial cells. A few of them are described below. 


Inhibitors of AGE, AGE-RAGE Interactions 
Inhibitors of advanced glycation end-product (AGE) formation 
(see Chap. 42) (e.g., aminoguanidine”) are being developed, but 


they have encountered safety and efficacy problems. Inhibition of 
the AGE-RAGE (receptors for AGEs) interaction by blocking 
RAGE on endothelial, vascular smooth muscle, neural, mesangial, 
immune, and inflammatory cells appears more attractive and likely 
to be successful. Soluble RAGE (sRAGE) is reported to be effec- 
tive against microvascular disease in laboratory animals, and 
sRAGE may provide a basis for developing an oral inhibitor of 
AGE-RAGE interaction or of AGE receptors.’ 


Inhibition of Protein Kinase C (PKC) 

PKC is believed to play an important role in the development 
of the vascular and neurologic complications of diabetes. At least 
one inhibitor of PKC is currently in phase II] clinical studies for 
treatment of diabetic retinopathy” (see Chap. 41). Vitamin E and 
a-lipoic acid antioxidants have been shown to inhibit PKC. 


Inhibitors of Aldose Reductase 

and Sorbitol Formation 

Inhibitors of aldose reductase are in development by several 
companies for treatment of diabetic neuropathy (see Chaps. 44- 
46). Most appear to have had limited efficacy and unacceptable 
toxicity. A new generation of aldose reductase inhibitors is now in 
development, however at this time it is not known whether these 
will be more successful than their predecessors. 


Inhibition of Angiogenic Growth Factors 

To Decrease the Formation of New Blood 

Vessels in Diabetic Retinopathy 

A major focus of current drug discovery and development is 
inhibitors of vascular endothelial growth factor (VEGF) for the 
treatment of diabetic retinopathy. Other targets receiving atten- 
tion include growth hormone, TGFB, IGF-1, bFGF, angiotensin, 
integrins, and endothelin.® Endothelin antagonism may also be ap- 
plicable to the treatment of macrovascular disease. 


Stimulation of Angiogenic Growth and Other Factors 

Stimulation of these factors to increase formation of new blood 
vessels for treatment of coronary and peripheral vascular disease 
and to treat neuropathy is also under study. Gene therapy ap- 
proaches to stimulate growth of new blood vessels are currently 
under investigation. Drugs that stimulate VEGF are also being 
sought for this indication, but these will have to be highly tissue- 
specific and selective, since systemic effects could adversely affect 
retinopathy by stimulating new retinal vessel growth. Agents that 
stimulate nerve growth factors (e.g., NGF, neurotropins) are also 
being sought for treatment of diabetic neuropathy.” 


Antioxidants 

Research to develop antioxidants to decrease oxidative stress 
and free radical formation in cells and tissues of the body is ongo- 
ing. A variety of drugs and natural substances such as vitamins C 
and E, a-lipoic acid, and y-linolenic acid have been tested with 
minimal success.™ 
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CHAPTER 58 


Hypoglycemia 


Pierre J. Lefébvre 
André J. Scheen 


Strictly speaking, the definition of hypoglycemia is biochemical; 
i.e., hypoglycemia is present when the blood glucose level is lower 
than the lowest limit of normal physiologic fluctuations. Using a 
specific assay on whole blood, this limit is approximately 50 mg/dL 
or 2.8 mmol/L (45 mg/dL or 2.5 mmol/L for some authors). Such a 
limit is based on the fact that numerous studies have indicated that 
a blood glucose level of about 55 mg/dL (3 mmol/L) induces 
impairment of cognitive function in most subjects tested, suggest- 
ing that it may represent the threshold for brain damage (see below). 
During the first 48 hours of life, in the full-term neonate, this limit 
is 30 mg/dL or 1.7 mmol/L, whereas values below 20 mg/dL 
(1.1 mmol/L) are defined as hypoglycemia for small-for-date new- 
borns. Thus, use of the term hypoglycemia to characterize a clinical 
symptomatologic entity is not entirely appropriate. Nevertheless, in 
clinical practice, one observes a constellation of symptoms and 
signs that point to the diagnosis. 


CLINICAL SYMPTOMS SUGGESTING 
HYPOGLYCEMIA 


In the adult, the symptoms of hypoglycemia”? are due to: 


1. Adrenergic reaction, the symptoms of which predominate when 
the fall in blood glucose is rapid; they include pallor, sweating, 
tachycardia and palpitations, sensation of hunger, restlessness, 
and anxiety. 

2. Cellular malnutrition at the neurological level, producing what 
Marks and Rose? have called neuroglycopenia, or “the signs 
and symptoms which develop when the supply of metaboliz- 
able carbohydrates to the neuron is inadequate for normal 
function.” The symptoms are variable from one subject to an- 
other; they are generally more severe and occur at higher blood 
glucose levels in the elderly than in the young. These symp- 
toms, which are more prominent when hypoglycemia devel- 
ops slowly, include fatigue, irritability. headache, loss of con- 
centration, somnolence, psychiatric or visual disorders (e.g., 
diplopia), transient sensory or motor defects, confusion. con- 
vulsions, and coma. If hypoglycemia remains untreated, death 
may supervene. Angina pectoris (and very rarely actual myo- 
cardial infarction) may also result from cellular malnutrition. 
In a given patient, the symptoms associated with hypoglycemia 
tend to be repetitive and stereotyped. Weinger and associates* 
have reported that many patients make clinically serious errors 


in glucose estimation and use symptoms that do not differenti- 
ate hyperglycemia from hypoglycemia. 


It should be noted that recurrent episodes of severe hypo- 
glycemia may result in cumulative and permanent cognitive impair- 
ment,’ although this has recently been challenged.’ Furthermore, 
repetitive episodes of hypoglycemia, particularly at night, have 
been recognized to induce hypoglycemia unawareness, a situation 
in which the patient with diabetes does not experience appropriate 
autonomic waming symptoms before development of neurogly- 
copenia.* Several recent studies have shown that glycemic thresh- 
olds for hypoglycemic cognitive dysfunction, like those for auto- 
nomic and symptomatic responses to hypoglycemia, shift to lower 
plasma glucose levels after recent antecedent hypoglycemia in 
patients with type 1 diabetes (TIDM).”"' Interestingly, antecedent 
hypoglycemia also induces blunting of the hormonal and metabolic 
responses to physical exercise." 

In the newborn, the symptoms of hypoglycemia may be more 
difficult to recognize. They include a high-pitched cry, skin pallor 
or cyanosis, respiratory distress. apnea, sluggishness, irritability, 
hypotonia, or intermittent twitching and occasionally grand mal 
seizures." In the older child, the following symptoms may arouse 
suspicion: frequent yawning, episodic staring, bizarre behavior, 
twitching. pallor. remoteness, paresthesias, visual disturbances, and 
loss of concentration. These symptoms are often mistaken for petit 
mal attacks. 


ETIOLOGY OF HYPOGLYCEMIA 


There are two principal forms of hypoglycemia: exogenous hypo- 
glycemia attributable to injection or ingestion of a hypoglycemic 
compound, and endogenous hypoglycemia, which will be consid- 
ered later (Table 58-1). 


Exogenous Hypoglycemia 


Insulin 

Insulin is by far the most frequent cause of hypoglycemia, and 
it can occur in both diabetic and nondiabetic patients. The EURO- 
DIAB IDDM Complications Study indicated that the proportion of 
patients with one or more severe hypoglycemic attacks in | year 
averaged 32%, with a minimum of 12% in one center and as many 
as 48% in another.'* Predictors of severe hypoglycemia in patients 
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TABLE 58-1. Etiology of Hypoglycemia 


Exogenous Hypoglycemia Endogenous Hypoglycemia 


Insulin Organic hypoglycemias 

Oral antidiabetic agents Insulinomas and related disorders 

Alcohol Insulinoma 

Other exogenous agents Nesidioblastosis and B-cell hyperplasia 
Salicylates Extrapancreatic neoplasms 
Hypoglycins Inbom errors of metabolism 
Pentamidine Hereditary fructose intolerance 
Perhexilin Fructose-1.6-diphosphatase deficiency 
Quinine Galactosemia 
B-Receptor blocking drugs Phosphoenolpyruvate carboxykinase deficiency 
Other drugs Inborn errors in glycogen metabolism 


with TIDM have been described by Gold and colleagues'* and 
Miilhauser and coworkers.'* 

In diabetic patients, hypoglycemia may result from administra- 
tion of an overdose or from the concomitant administration of 
drugs that when given alone favor hypoglycemia. The overdose 
may be absolute or relative: mistake in the evaluation of the dose, 
injection repeated by mistake (by the patient or by the nursing 
staff), poor comprehension of medical instructions, lack of suffi- 
cient food intake (gastrointestinal problems, ritual or presurgery 
fast, etc.), unusual physical exercise, or abrupt decrease in the in- 
sulin requirements (immediate postpartum, certain cases of insulin 
resistance). Hypoglycemia unawareness has been claimed to be 
more frequent with human than with porcine insulin, but this has 
not been confirmed in subsequent studies. 

To prevent excessive insulin-induced decrements in plasma 
glucose levels, the glucoregulatory hierarchy is as follows: (1) The 
primary counterregulatory role is played by glucagon, which stim- 
ulates hepatic glucose production; (2) epinephrine, which is not 
normally critical, but plays an essential role when glucagon is defi- 
cient, acts by reducing glucose utilization and stimulating hepatic 
glucose production; (3) growth hormone and cortisol contribute 
late in glucose recovery from prolonged hypoglycemia by increas- 
ing rates of glucose production and decreasing rates of glucose uti- 
lization; and (4) hepatic glucose autoregulation, independent of 
hormonal and neural regulation, which is demonstrable only during 
very severe hypoglycemia.'° The major role of the hypothalamus in 
mediating the counterregulatory response to hypoglycemia has 
been evidenced by the demonstration that such counterregulation 
was completely lost in a patient with hypothalamic sarcoid infiltra- 
tion.'? Recent studies have shown that the counterregulatory re- 
sponse of type 1 diabetic women is decreased compared to that 
of type 1 diabetic men." Furthermore, the epinephrine response to 
hypoglycemia is markedly reduced during sleep.'? Finally, the 
counterregulatory response to the short-acting insulin analogue 
lispro has been found to be identical to that to human or porcine 
insulin.” It is now well demonstrated that glucagon secretory 
responses to plasma glucose decrements become deficient early in 


Functional Hypoglycemias 
Alimentary hypoglycemia 
Spontaneous reactive hypoglycemia 
Alcohol-promoted reactive hypoglycemia 
Posthyperalimentation hypoglycemia 
Endocrine deficiency states 
Hypoglycemia due to glucocorticoid deficiency 
Hypoglycemia in GH deficiency 
Hypoglycemia and catecholamine deficiency 
Hypoglycemia and glucagon deficiency 
Severe liver deficiency 
Profound malnutrition 
Prolonged muscular exercise 
Autoimmune insulin syndrome 
Antibodies against the insulin receptor 
Functional or transient hypoglycemia in infancy 
Transient neonatal hypoglycemia 
Infants of diabetic mothers 
Erythroblastosis fetalis 
Leucine-induced hypoglycemia 
Ketotic hypoglycemia 
Maple syrup urine disease 
Adrenal hyporesponsiveness 


the course of T1DM in the vast majority of patients, often within 
the few years following diagnosis. However, because epinephrine 
compensates for deficient glucagon secretion, counterregulation is 
adequate in many of these patients. Nevertheless, the epinephrine 
secretory response to plasma glucose decrements becomes defi- 
cient typically later in the course of the disease and this defect has 
generally been attributed to autonomic neuropathy. Those patients 
with combined glucagon and epinephrine deficiencies are at sub- 
stantially increased risk of severe hypoglycemia, at least during in- 
tensive therapy. 

Particularly severe hypoglycemia has been reported in some pa- 
tients treated with continuous subcutaneous insulin infusion (CSH). 
During CSII, the incidence of severe hypoglycemic episodes ranges 
between 0.1 and 1.2 per patient per year. As shown by White and 
associates,”! patients having defective counterregulatory re- 
sponses to insulin-induced hypoglycemia have a 20- to 25-fold 
greater chance of developing severe hypoglycemia than those who 
counterregulate correctly. In the Diabetes Control and Complica- 
tions Trial (DCCT), the incidence of severe hypoglycemia was ap- 
proximately three times higher in the intensive therapy group than 
in the conventional-therapy group.” In fact, in the intensive therapy 
group, there were 62 hypoglycemic episodes per 100 patient-years 
in which assistance was required in the provision of treatment, as 
compared to 19 such episodes per 100 patient-years in the conven- 
tional therapy group. This included 16 and 5 episodes of coma or 
seizure per 100 patient-years in the respective groups. 

A recent meta-analysis of the effect of insulin lispro on severe 
hypoglycemia in patients with T1DM has shown a slight but signif- 
icant reduction in the incidence of severe hypoglycemia as com- 
pared with regular insulin therapy; out of 2327 patients receiving 
lispro, 72 (3.1%) had a total of 102 severe episodes, compared to a 
group of 2339 receiving regular human insulin in which 102 
(4.4%) had a total of 131 episodes (p = 0.024).”* 

The hypoglycemic effect of insulin can be exacerbated by the 
simultaneous ingestion of ethanol (see later) or of numerous drugs. 
These include sulfonylureas, biguanides, nonselective B-receptor 
blocking agents like propranolol, monoamine oxidase inhibitors, 
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ACE inhibitors, salicylates, and tetracyclines. When B-receptor 
blockade is needed in diabetics for cardiocirculatory reasons, se- 
lective B,-receptor blocking agents like atenolol, metoprolol, biso- 
prolol, or acebutolol should be used. Potentiation of the hypo- 
glycemic effect of insulin in diabetic patients can be observed in 
coexisting adrenocortical or pituitary insufficiency. Pituitary abla- 
tion, irradiation, and cryoablation have been used in the past for the 
treatment of advanced diabetic retinopathy. These procedures al- 
ways result in increased insulin sensitivity and a potential danger 
of hypoglycemia. 

In nondiabetic as well as in diabetic patients, insulin has been 
used for homicidal or suicidal purposes (reviewed in Marks and 
Teale), Severe unexplained hypoglycemia in a nondiabetic indi- 
vidual should always raise the possibility of exogenous insulin 
administration, either suicidal or criminal. Such cases are more 
frequently encountered in the medical milieu or in the family or 
neighborhood of diabetics. Inadvertent insulin administration to 
a hospitalized nondiabetic patient has also been reported. In 
psychiatric patients, intentionally induced insulin shock therapy 
sometimes leads to prolonged hypoglycemia and irreversible 
brain damage. Factitious hypoglycemia due to clandestine self- 
administration of insulin must always be considered in the differ- 
ential diagnosis of hypoglycemia. Again, this situation is more fre- 
quently encountered in the relatives of diabetic patients, in the 
medical or paramedical professions, and sometimes in diabetic 
patients themselves. 


Oral Antidiabetic Agents 

These drugs not infrequently cause hypoglycemia in diabetic 
patients, particularly if used inappropriately. Hypoglycemia is ob- 
served more frequently in patients taking long-acting sulfonylureas 
such as chlorpropamide and glibenclamide” or in those taking the 
highly potent sulfonylureas such as glibenclamide, glyburide, or 
glipizide. Overdose or insufficient food intake often explains the 
occurrence of hypoglycemia. Patients with renal or hepatic insuffi- 
ciency, which may interfere with excretion or metabolism (or both) 
of these drugs, are especially susceptible to hypoglycemia. 

As with insulin, oral antidiabetic agents can be involved in the 
pathogenesis of hypoglycemia in nondiabetic patients through in- 
advertent administration, accidental ingestion (mainly in children), 
a suicide attempt, and clandestine ingestion (a variety of facti- 
tious hypoglycemia). Over recent years, potentiation of the hypo- 
glycemic properties of sulfonylureas by alcohol or by various drugs 
has been recognized as a major source of hypoglycemia. Table 58-2 
summarizes the various mechanisms involved, and Table 58-3 gives 
the pharmacologic classes of the drugs to consider.”° In contrast 
to sulfonylureas, biguanides, when taken alone, essentially never 
cause hypoglycemia, except in the case of simultaneous prolonged 
fasting or severe caloric and carbohydrate restriction. Hypo- 


TABLE 58-2. Mechanisms by which Various Drugs Increase 
the Hypoglycemic Effect of Sulfonylureas 


l. Increase in half-life due to inhibition of metabolism or excretion rate: 
ethanol, phenylbutazone, coumarin anticoagulants, chloramphenicol, 
doxycycline, antibacterial sulfonamides. phenyramidol, allopurinol 

2. Competition for albumin binding sites: phenylbutazone. salicylates, 
antibacterial sulfonamides 

3. Inhibition of gluconeogenesis, increase in glucose oxidation, or stimu- 
lation of insulin secretion: ethanol. B-adrenergic drugs, monoamine 
oxidase inhibitors, tranylcypromine. tromethamine. 


HYPOGLYCEMIA 961 


TABLE 58-3. List of Main Drugs Capable of Inducing 
Hypoglycemic Episodes in Diabetic Patients Treated 
with Sulfonylureas 


Antibacterial sulfonamides: sulfaphenazole. sulfamethoxime, sulfadimi- 
dine. sulfathiazole, sulfadiazone, sulfisoxazole. etc. 

Analgesics and anti-inflammatory drugs: salicylates, phenylbutazone, 
oxyphenbutazone 

Drugs affecting plasma lipoprotein concentration: clofibrate, fenofibrate 

Antibiotics: chloramphenicol, novobiocin, tetracyclines, doxycycline 

Miscellaneous: allopurinol, probenecid, phenyramidol, monoamine 
oxidase inhibitors. romethamine, isoniazid, sulfinpyrazone, 
angiotensin-converting enzyme (ACE) inhibitors 


glycemia is not caused by a-glucosidase inhibitors or glitazones 
used in monotherapy. 


Alcohol 

The ability of ethanol to induce hypoglycemia has long been 
recognized. In this section we will deal only with alcohol-induced 
fasting hypoglycemia; the so-called alcohol-promoted reactive 
hypoglycemia will be discussed later, in the section on functional 
hypoglycemias. Alcohol-induced fasting hypoglycemia character- 
istically develops in chronically malnourished or more acutely 
food-deprived individuals within 6-36 hours of ingesting a moder- 
ate to large amount of alcohol. Alcohol-induced fasting hypo- 
glycemia results essentially from decreased hepatic glucose output 
due to impairment of liver gluconeogenesis, but other mechanisms 
such as ethanol-induced abnormalities in hypothalamic-pituitary- 
adrenal or hypothalamic-pituitary growth hormone secretions may 
be involved. Accidental ingestion of alcohol in children can also 
lead to severe hypoglycemia. As seen previously, alcohol also 
markedly potentiates the hypoglycemic effects of insulin and oral 
antidiabetic agents. According to Marks,”’ alcohol-induced fasting 
hypoglycemia often develops slowly and insidiously in the coma- 
tose person who has overindulged, and probably accounts for at 
least some of the deaths that occur in vagrants and others who are 
put unsupervised into police cells to sober up overnight and are 
found dead in the morning. 


Other Exogenous Agents 
Numerous other exogenous agents or drugs may cause hypo- 
glycemia (see review in Marks and Teale”). 


Salicylates 

Salicylic acid, salicylate, and their derivatives have been recog- 
nized as potential hypoglycemic agents for more than 100 years, 
and the beneficial effect of sodium salicylate in diabetes mellitus 
was reported in the nineteenth-century pharmacopeia. The mecha- 
nism of their hypoglycemic properties is not fully elucidated, but 
involves increased utilization of glucose by peripheral tissues and 
reduction of gluconeogenesis. In salicylate poisoning, particularly 
in children below the age of 2 years. hypoglycemia may be ob- 
served together with the more common alteration of the acid-base 
equilibrium: initial respiratory alkalosis due to stimulation of the 
respiratory center and subsequent metabolic acidosis caused by 
the drug itself. Children with fever and dehydration are particu- 
larly prone to intoxication from relatively small doses of salicylate. 
Salicylates potentiate the hypoglycemic effects of sulfonylureas. 
Aspirin can also induce hypoglycemia in adults, mainly under 
exceptional circumstances such as when large doses are given to 
patients with renal failure. 
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Hypoglycins 

Hypoglycins are compounds found in the unripe tropical fruit 
Blighia sapida. They are responsible for the Jamaican vomiting 
sickness, a syndrome characterized by vomiting, shock, and hypo- 
glycemic coma; death is common. Hypoglycemia results from in- 
hibition of liver gluconeogenesis and increased peripheral glucose 
utilization; these alterations apparently result from inhibition of 
long-chain fatty acid oxidation caused by the toxic agent. 


Quinine 

Severe hypoglycemia and hyperinsulinemia can occur in pa- 
tients with Plasmodium falciparum malaria treated with intra- 
venous quinine. The hypoglycemia is due to massive stimulation 
of insulin by quinine. The risk of hypoglycemia is particularly 
high in patients with cerebral malaria. These patients require fre- 
quent blood glucose monitoring, and massive intravenous glucose 
infusion. 


B-Receptor Blocking Agents 

As already mentioned, nonselective B-receptor blocking 
agents potentiate the hypoglycemic action of both insulin and 
sulfonylurea-type drugs. Furthermore, B-blockers may favor hypo- 
glycemia by their inhibitory effect on adipose tissue lipolysis, 
which provides alternative fuels when the glucose concentration is 
low. Consequently, hypoglycemia due to B-blockers has been ob- 
served in young children, usually after a 6- to 10-hour fast. Mater- 
nal therapy with B-blockers may affect the fetus and exaggerate 
neonatal hypoglycemia. 


Pentamidine 

Used in the treatment of Pneumocystis carinii infection, an op- 
portunistic infection frequently seen in patients with the acquired 
immunodeficiency syndrome (AIDS), pentamidine has been re- 
ported to induce massive cytolysis of the B cells of the islets of 
Langerhans, a process leading to temporary hyperinsulinemia and 
hypoglycemia followed by insulinopenic diabetes. 


Other Drugs 

Quabain, mebendazole, isoproterenol, tris(hydroxymethyl) 
aminomethane (THAM), mesoxalate, disopyramide, tranyl- 
cypromine, and possibly monoamine oxidase inhibitors may cause 
hypoglycemia by stimulating insulin release. Potassium para- 
aminobenzoate, haloperidol, propoxyphene, anabolic steroids, per- 
hexilin, and guanethidine have been incriminated as possible causes 
of hypoglycemia through unknown mechanisms. Clofibrate and an- 
giotensin-converting enzyme inhibitors have been reported to po- 
tentiate the hypoglycemic properties of oral antidiabetic agents. 


Endogenous Hypoglycemia 


Endogenous hypoglycemia may be organic (insulinoma, extra- 
pancreatic neoplasms, or due to inborn errors of metabolism) or 
functional. 


Organic Hypoglycemias 


Insulinomas and Related Disorders 
Insulinoma Insulinomas are uncommon neoplasms that derive 
from the B cells of the islets of Langerhans.?”*° The majority of 
these tumors, 68-85% according to published series, are single, be- 
nign adenomas; multiple adenomas or scattered microadenomas 


are observed in 10-19% of the cases; and islet cell carcinomas 
are less frequent (2-11% of cases). Islet cell adenoma can be part 
of the pluriglandular syndrome. It has sometimes been reported to 
coexist with the pancreatic gastrinoma of the Zollinger-Ellison 
syndrome. 


Nesidioblastosis and B-Cell Hyperplasia Nesidioblastosis, now 
called persistent hyperinsulinemic hypoglycemia of infancy 
(PHH)]), is a rare disease leading to persistent hypoglycemia of in- 
fancy. It is histologically characterized by the budding off from 
duct epithelium of endocrine cells and by the presence in the pan- 
creas of microadenomas. The onset of symptoms of B-cell hyper- 
plasia may occur during the first days of life, but most commonly 
appears within the first 6 months. A few cases with symptoms be- 
ginning later than | year of age have been reported. The group of 
Saudubray in Paris’! has recently reported the features of 52 
neonates with hyperinsulinism. Thirty neonates had diffuse B-cell 
hyperfunction, and 22 had focal adenomatous islet cell hyperpla- 
sia. Among the latter, the lesions were in the head of the pancreas 
in nine, the isthmus in three, the body in eight, and the tail in two. 
Partial pancreatectomy has been successful in curing the 19 out of 
the 22 neonates in whom this procedure has been attempted. Re- 
cent studies (reviewed in Thomas??) have shown that congenital 
hyperinsulinism with focal or diffuse nesidioblastosis can be asso- 
ciated with several mutations affecting the B cell, such as the genes 
encoding for the sulfonylurea receptor, glucokinase, or glutamate 
dehydrogenase. 


Extrapancreatic Neoplasms 

In a review on tumor hypoglycemia, Kahn”? stated that it was 
likely that non—islet cell tumors would be second only to islet cell 
tumors as a cause of chronic fasting hypoglycemia in the adult. 
Most of these neoplasms are large and present as masses in the me- 
diastinum or the retroperitoneal space. According to Kahn,” 45% 
of the tumors have a mesenchymal origin (Doege-Potter syn- 
drome). 23% are hepatomas (Nadler-Wolfer-Elliott syndrome), 
10% are adrenocortical carcinomas (Anderson’s syndrome), 8% 
are gastrointestinal tumors, 6% are lymphomas and leukemias, and 
8% miscellaneous. Tumor hypoglycemia may occur in any age 
group, but is most common in adults between 40 and 70 years of 
age. The pathogenesis of the hypoglycemia in these tumors has 
been investigated by numerous groups in the past 20 years. Among 
the many theories that have been advanced to explain hypo- 
glycemia, the production of an insulin-like substance has been con- 
sidered likely by many investigators.***° A large form of insulin- 
like growth factor II, known as big IGF-II, has now been 
recognized to be responsible for the hypoglycemia by direct insulin- 
like action on nonhepatic tissues and the suppression of growth 
hormone secretion. Severe hypoglycemia caused by elevated IGF- 
II levels has also been reported in patients with acinar cell carci- 
noma of the pancreas,” solitary fibrous tumor of the pleura,” 
metastasis from a meningeal hemangiopericytoma,”’ and dissemi- 
nated breast cancer.” 


Inborn Errors of Metabolism 

One may argue against our choice to classify the inborn errors 
of metabolism as a cause of organic hypoglycemia. We certainly 
agree that some of these syndromes may also be considered as func- 
tional, e.g., when the symptoms occur only after ingestion of a sin- 
gle sugar, like fructose in the hereditary fructose intolerance syn- 
drome. We think, however, that in many respects, these syndromes, 
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characterized by a well-defined enzymatic defect, are really organic 
at the molecular level (see review in Lteif and Schwenk“). 


Hereditary Fructose Intolerance (HFI) 

Hereditary fructose intolerance, initially described as idiosyn- 
cratic to fructose, is a rare, autosomal recessively inherited, inborn 
error of metabolism characterized by an almost total lack of liver 
fructose-1-phosphate aldolase. Ingestion of fructose leads to intra- 
cellular accumulation of large amounts of fructose-1-phosphate. 
This in turn induces a decreased intracellular level of inorganic 
phosphorus, a derangement of the phosphate potential, and second- 
ary enzyme inhibition by fructose-1-phosphate. These secondary 
enzymatic blocks are (1) an inhibition of further phosphorylation 
of fructose by fructokinase, leading to fructosemia and fructosuria; 
(2) an inhibition of liver phosphorylase; and (3) an inhibition of the 
remaining fructose-1,6-diphosphate liver aldolase activity. Inhibi- 
tion of phosphorylase impairs glycogenolysis, a phenomenon that 
is favored by the low inorganic phosphorus concentrations. Inhibi- 
tion of fructose-1,6-diphosphate liver aldolase, the enzyme that 
should perform the condensation of trioses to fructose-1,6- 
diphosphate, results in impairment of liver gluconeogenesis. Si- 
multaneous inhibition of liver glycogenolysis and gluconeogenesis 
explains why fructose administration in HFI induces profound hy- 
poglycemia, accompanied by convulsions and coma. Clinical man- 
ifestations at onset of symptoms can be rather unspecific, but usu- 
ally the first signs of the disease start with exposure to saccharose. 
Besides hypoglycemia, the symptoms involve vomiting, poor 
weight gain, anorexia, various degrees of liver dysfunction, and 
perturbations of renal tubular function. 


Fructose-1,6-Disphosphatase Deficiency 

In this rare autosomal recessive disease, the lack of functioning 
fructose-1,6-phosphatase has little consequence as long as the liver 
glycogen stores are sufficient. When liver glycogen is depleted 
(e.g., after 12- to 24-hour fasting), hypoglycemia occurs, often ac- 
companied by severe lactic acidosis. Hypoglycemia results from 
impairment in liver gluconeogenesis, and lactic acidosis is due to 
the transformation of various gluconeogenic precursors (glycerol, 
amino acids) or of fructose into lactic acid. 


Galactosemia 

Although hypoglycemia is the rule in hereditary fructose in- 
tolerance, it is less frequent in galactosemia. In this autosomal 
recessively transmitted disease, the missing enzyme is galactose-1- 
phosphate uridyl transferase, the enzyme permitting the transfor- 
mation of galactose-1-phosphate into UDP-galactose. The major 
symptoms of galactosemia (jaundice, hepatomegaly, cirrhosis, kid- 
ney function alterations, cataracts, and mental retardation) seem to 
result from the accumulation of galactose-1-phosphate. Hypo- 
glycemia, occurring after galactose exposure, would be the result 
of inhibition of liver glucose output due to inhibition of phospho- 
glucomutase by galactose- 1-phosphate. 


Phosphoenolpyruvate Carboxykinase Deficiency 

Phosphoenolpyruvate carboxykinase (PEPCK) is a key en- 
zyme in gluconeogenesis. This defect has been reported in a few 
cases of infants with severe fasting hypoglycemia. 


Inborn Errors of Glycogen Metabolism 
Among the 11 varieties of glycogen storage diseases now rec- 
ognized, only some lead to hypoglycemia. Type I glycogen storage 
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disease, or von Gierke’s disease, is due to a lack of liver glucose-6- 
phosphatase. Without this enzyme, the liver cannot produce glu- 
cose either from glycogenolysis or by gluconeogenesis (glucose-6- 
phosphate is an obligatory pathway in both processes). Unless 
carbohydrates are frequently given, severe hypoglycemia occurs, 
accompanied by excessive production of lactic acid. The clinical 
picture consists of small stature, puppet face, increased subcuta- 
neous fat tissue, and massive hepatomegaly. Type II glycogen stor- 
age disease, or Pompe’s disease, results from a deficiency in the 
lysosomal enzyme a-1,4-glucosidase, as demonstrated in 1963 by 
Hers. Lysosomal accumulation of glycogen causes cardiomegaly 
and heart failure, macroglossia, and hypotonia of voluntary mus- 
cles. This disease does not lead to hypoglycemia. Type III glycogen 
storage disease, or Forbe’s disease, is characterized by accumula- 
tion of structurally abnormal glycogen in all tissues. It is due to 
various degrees of enzymatic defect at the level of the debranching 
enzyme (or enzymes). The debranching enzymes control the hy- 
drolysis of glucose moieties at the branch points of glycogen where 
they are joined in a 1:6 linkage. When these enzymes are deficient, 
hydrolysis of the glycogen molecule at the level of the 1:4 linkages 
is possible. Partial hydrolysis of glycogen and intact mechanisms 
of gluconeogenesis explain why hypoglycemia is usually mild and 
occurs only under conditions of prolonged food deprivation. Type 
IV glycogen storage disease, due to a defect in the branching en- 
zyme that leads to accumulation of an abnormal glycogen (starch- 
like amylopectin), causes liver cirrhosis and premature death; there 
is no hypoglycemia. Type V glycogen storage disease, or MacAr- 
dle’s disease, is due to an absence of muscle phosphorylase that 
leads to the occurrence of muscular cramping upon exertion; here 
again, there is no hypoglycemia. Type VI glycogen storage disease, 
or Hers’ disease, is an autosomal recessive disorder due to low 
overall liver phosphorylase activity that leads to hepatomegaly; it 
has been reported to be associated with mild to moderate hypo- 
glycemia that occurs with fasting in young infants. Type VII glyco- 
gen storage disease results from deficient muscle phosphofructo- 
kinase activity. The symptoms are similar to those of McArdle’s 
disease; no hypoglycemia is recorded. Type VIII glycogen storage 
disease is a rare disorder in which incomplete activation of the 
adenylate cyclase system leads to low phosphorylase activity and 
accumulation of glycogen in the liver and the central nervous sys- 
tem. Type IX glycogen storage disease exists in two forms. In type 
IXa, an autosomal recessive disease, a partial defect in phosphory- 
lase kinase leads to accumulation of glycogen in the liver and 
secondary hepatomegaly. In type LXb, the recessive trait is sex- 
linked, affecting only males; the phosphorylase kinase defect is 
relatively severe and leads to accumulation of liver glycogen; and 
fasting hypoglycemia is observed. Type X glycogen storage dis- 
ease is an extremely rare condition in which excessive liver and 
muscle glycogen storage is due to deficient activity of the cyclic 
AMP-dependent protein kinase, with the result that all phospho- 
rylase would be in the B (or inactive) form, and therefore glycogen 
would not be degraded. 


Functional Hypoglycemias 


Alimentary Hypoglycemia 

Consumption of carbohydrates by individuals who have had a 
gastrectomy may lead to severe hypoglycemia within 1-2 hours 
after the meal. This disorder is occasionally seen in patients who 
have not had a gastrectomy, but who for various other reasons have 
rapid gastric emptying. Rapid gastric emptying is frequently 
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encountered in hyperthyroidism. It had been thought that the rapid 
dumping of carbohydrate into the upper small intestine and the 
consequent early hyperglycemia cause reactive hyperinsulinemia 
and alimentary hypoglycemia. It is now generally accepted that, in 
addition, several gut factors are released after glucose ingestion, 
and act in concert with glucose, or even prior to glucose, to stimu- 
late insulin secretion. Among these factors, secretin, glucagon-like 
peptide 1 (GLP-1), and cholecystokinin may be involved, as is 
gastric inhibitory polypeptide (GIP).*? A recent study has sug- 
gested that Helicobacter pylori-induced gastritis may contribute to 
the occurrence of postprandial symptomatic hypoglycemia, since 
H. pylori eradication is associated with a reduction in number and 
severity of postprandial hypoglycemic attacks.*? 


Spontaneous Reactive Hypoglycemia 

This entity is poorly defined. The term is usually applied to a 
syndrome with the following features: (1) symptoms that resemble 
those seen in insulin-induced hypoglycemia (diaphoresis, tachy- 
cardia, tremulousness, and headache, among others), but these are 
often accompanied by other symptoms less typical of hypo- 
glycemia, such as fatigue, drowsiness, feelings of incipient syn- 
cope, depersonalization, irritability, and lack of motivation: 
(2) symptoms that may be episodic, and are sometimes aggravated 
by carbohydrate-rich meals; and (3) plasma glucose concentrations 
that drop to 45 mg/dL (2.5 mmol/L) or less at one or more of the 
half-hourly samples taken in a 5- to 6-hour glucose tolerance test. 
Abnormal insulin secretory patterns have been reported in certain 
patients, presenting as reactive hypoglycemia associated with im- 
paired glucose tolerance (delayed and sometimes excessive insulin 
response), obesity (excessive insulin response), or renal glycosuria 
(excessive insulin response in about half the cases). Excessive in- 
sulin response has also been observed in about 50% of patients 
with isolated reactive hypoglycemia. 

This entity has become widespread, particularly in the United 
States, over the past 30 years, but is more rarely diagnosed else- 
where in the world. The American Diabetes Association and the 
Endocrine Society have issued a joint statement to the effect that 
this entity is probably overdiagnosed. Indeed, the very existence of 
this condition is now called into question following several studies 
that have demonstrated that 25-30% of apparently healthy individ- 
uals without any hypoglycemic symptoms may exhibit low plasma 
glucose values when given a glucose load. Furthermore, the simi- 
larity of the symptoms to those of hyperventilation, and indeed 
with other functional syndromes, emphasizes the need to reevalu- 
ate the very existence of so-called functional or reactive hypo- 
glycemia. The question of cause and effect has not been settled. It 
would be reasonable at present to restrict the diagnosis of reactive 
hypoglycemia to individuals in whom hypoglycemic blood glu- 
cose levels are demonstrated in samples taken after the sort of 
meals that are said to induce their symptoms. As shown by Palardy 
and associates,” these samples should preferably be taken at the 
time of symptoms and not only after a glucose load, which, as 
noted above, often produces low blood glucose values in normal 
people. Abnormalities in counterregulatory hormones have not 
been conclusively demonstrated to be associated with idiopathic 
reactive hypoglycemia. Increased insulin sensitivity has been doc- 
umented in a euglycemic hyperinsulinemic glucose clamp in 10 
out of 16 patients investigated by Tamburrano and colleagues.” 
Furthermore, and as discussed by Lefèbvre,” some patients have 
adrenergic responses after a meal or during OGTT without hypo- 
glycemia. Such “adrenergic hormone postprandial syndrome” 


probably results from an altered glycemic threshold (a higher glu- 
cose level) for generating an adrenergic response, which results in 
confusion.” 

A critical analysis of the reactive hypoglycemia syndrome can 
be found in the proceedings of an international symposium held in 
Rome in September 1986.8 


Alcohol-Promoted Reactive Hypoglycemia 

O'Keefe and Marks™ have demonstrated that alcohol given in 
moderate doses (50 g) increases the insulin response elicited by the 
ingestion of insulinotropic carbohydrates, like saccharose, but not 
of noninsulinotropic ones, like fructose. They emphasized that 
drinks that contain both alcohol and glucose or saccharose (beer, 
gin and tonic, rum and cola, whisky and ginger ale, among others) 
are more likely to provoke hypoglycemia on an empty stomach 
than those containing only alcohol and saccharin or alcohol and 
fructose. Flanagan and colleagues’ have confirmed that in other- 
wise healthy individuals, a combination of gin and regular tonic 
can induce reactive hypoglycemia. Furthermore, they have shown 
that acute ingestion of alcohol impairs the epinephrine response 
and markedly suppresses the release of growth hormone in re- 
sponse to a fall in blood glucose levels. 


Posthyperalimentation Hypoglycemia 

Hypoglycemia has been reported following discontinuation of 
total parenteral alimentation. It is considered to be secondary to 
residual effects of insulin from chronically stimulated islets of 
Langerhans. 


Endocrine Deficiency States 


Hypoglycemia Due to Glucocorticoid Deficiency Glucocorti- 
coid deficiency may induce fasting hypoglycemia due to defective 
gluconeogenesis.*” This condition may be encountered in acute or 
chronic adrenal insufficiency (Addison’s disease), in congenital 
adrenal hyperplasia, as a consequence of removal or destruction 
of the adrenals, in panhypopituitarism, in isolated ACTH defi- 
ciency, and other conditions. Spontaneous hypoglycemia in patients 
with glucocorticoid deficiency mainly occurs if other precipitat- 
ing factors such as alcohol ingestion, pregnancy, or prolonged 
fasting are present. It is important to recall here the danger of 
insulin or sulfonylurea administration to any patient with adrenal 
insufficiency. 


Hypoglycemia in Growth Hormone Deficiency Growth hor- 
mone deficiency leads to hypoglycemia during a prolonged fast. 
This situation is accompanied by a marked sensitivity to both ex- 
ogenous and endogenous insulin. Growth hormone deficiency may 
be isolated or part of panhypopituitarism (removal or destruction of 
the hypophysis). As reviewed by Gerich and Campbell,” the preva- 
lence of fasting hypoglycemia is approximately 20% in children 
with hypopituitarism. Hypoglycemia occurs with equal frequency 
in children with isolated growth hormone deficiency and those with 
multiple pituitary defects. As noted previously, hypophysectomy 
results in increased insulin sensitivity, and therefore reduced in- 
sulin requirements. 


Hypoglycemia and Catecholamine Deficiency For many years 
epinephrine deficiency has been considered as a possible cause of 
hypoglycemia in children. The so-called Zetterström syndrome is 
observed predominantly in male infants of low birthweight who do 
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not increase their urinary catecholamine excretion in response to 
insulin-induced hypoglycemia. 


Hypoglycemia and Glucagon Deficiency Attempts to isolate a 
glucagon deficiency syndrome have been disappointing. Glucagon 
deficiency has been suspected, but not definitively proven, in some 
cases of neonatal hypoglycemia. In 1977, Vidnes and @yasaeter™ 
reported a patient with severe neonatal hypoglycemia with impair- 
ment of gluconeogenesis, in whom circulating glucagon levels 
were low (but not zero), and in whom treatment with glucagon re- 
sulted in a marked clinical improvement. Bleicher and colleagues” 
reported a case in whom arginine infusion induced hyperinsuline- 
mia and hypoglycemia with unmeasurable plasma glucagon, an ob- 
servation that supports the concept that the role of stimulation of 
glucagon by amino acids is to prevent hypoglycemia from the as- 
sociated insulin release. The suggestion that glucagon deficiency 
may play a role in the pathogenesis of certain cases of reactive 
hypoglycemia seems to be ruled out. 


Severe Liver Disease 

Fasting hypoglycemia may result from severe liver damage 
caused by hepatitis (hepatitis fulminans), various poisons (carbon 
tetrachloride, chloroform, benzene derivatives, Amanita phalloides 
toxin, hypoglycins, and others), primary carcinoma of the liver, or 
thrombosis of the subhepatic veins (Budd-Chiari syndrome). 
Hypoglycemia results from insufficient liver glucose output. 


Profound Malnutrition 

Extreme malnutrition leads to hypoglycemia. It is also found 
with relative frequency in kwashiorkor. In infants, hypoglycemia 
may result from acute or chronic diarrhea. 


Prolonged Exercise 

In prolonged exercise, the glucose turnover is markedly in- 
creased because of simultaneously increased production and uti- 
lization. If exercise is too prolonged, too severe, and if nutrient in- 
take and carbohydrate stores are insufficient, hypoglycemia can 
occur. 


Autoimmune Insulin Syndrome 

Since the description of the first case of autoimmune insulin 
syndrome in 1970, more than 200 patients with this syndrome 
have been reported, mainly in Japan.*© The main clinical feature 
of the syndrome is the presence of hypoglycemic attacks associ- 
ated with the presence of spontaneous antibodies against insulin 
(see review in Redmon and Nuttall’). The mechanism whereby 
spontaneous antibodies against insulin are generated remains ob- 
scure. At least one-third of the patients with the syndrome have 
been treated with some drug containing a sulfhydryl group, like 
methimazole or penicillamine. These patients usually have huge 
amounts of extractable insulin in their plasma. The affinity con- 
stant of the antibodies of patients with the autoimmune insulin 
syndrome, as tested in Scatchard plots, is usually much smaller 
than that of insulin-treated diabetes. Hypoglycemia is considered 
to be the consequence of inappropriate release of insulin from the 
insulin-antibody complexes. 


Antibodies Against the Insulin Receptor 

Autoantibodies against the insulin receptor are usually ob- 
served in patients with type B extreme insulin resistance associ- 
ated with acanthosis nigricans. As reviewed recently,” in some of 
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these patients the hyperglycemia remitted and the patients devel- 
oped fasting hypoglycemia. Furthermore, some patients have been 
reported in whom fasting hypoglycemia was the initial presenting 
sign, suggesting the presence of autoantibodies against the insulin 
receptor. The hypoglycemia is attributed to an insulinomimetic 
action of the antibody. The reasons that some patients develop 
insulin resistance and hyperglycemia and others develop hypo- 
glycemia are not yet clear. Remissions can be obtained by plasma- 
pheresis, immunosuppression with alkylating agents, or glucocor- 
ticoid therapy. 


Functional or Transient Hypoglycemia 

in Infancy 

An encyclopedic review of hypoglycemia at birth and in in- 
fancy has been presented by Lteif and Schwenk.*’ Many of the 
causes of infant hypoglycemia have already been mentioned. Other 
causes of neonatal or infant hypoglycemia will be briefly consid- 
ered next. 


Transient Neonatal Hypoglycemia ‘Transient neonatal hypo- 
glycemia is common”; it can be observed in about 10% of live 
births, will be symptomatic in 30% of these cases, and occurs only 
during the first 3 days of life. It may be due to insufficient supply (de- 
layed feeding), insufficient hepatic glycogen stores (prematurity, in- 
trauterine malnutrition, dysmaturity, and perinatal stress), anaerobic 
energy production (secondary to hypoxia), or increased heat produc- 


tion (secondary to hypothermia). 


Infants of Diabetic Mothers Infants of diabetic mothers fre- 
quently develop severe hypoglycemia during their first hours of 
life. It results from hyperinsulinemia caused by the B-cell hyper- 
plasia, itself induced by fetal hyperglycemia of maternal origin. 
Relative hypoglucagonemia may be a contributing factor. 


Erythroblastosis Fetalis Hypoglycemia is frequently associated 
with erythroblastosis fetalis, a consequence of rhesus immuniza- 
tion. As in the infants of diabetic mothers, hypoglycemia results 
from hyperinsulinemia caused by hyperplasia of the islets of 
Langerhans. 


Leucine-Induced Hypoglycemia Certain infants develop hypo- 
glycemia when given leucine or leucine-containing food. It should 
be emphasized that cow’s milk is richer in leucine than mother’s 
milk. Excessive insulin response to leucine is characteristic of the 
syndrome, and relative basal hyperinsulinism is also found when 
fasting hypoglycemia is present. Hypertrophy and hyperplasia of 
the islets of Langerhans are frequently found. In most cases, the 
onset of symptoms takes place prior to 6 months of age. Severe 
hypoglycemic attacks may occur postprandially or after short pe- 
riods of fasting. Severe mental retardation occurs if diagnosis is 
delayed. 


Ketotic or Ketogenic Hypoglycemia This form of childhood hy- 
poglycemia is classically considered to be one of the most com- 
mon forms of hypoglycemia of childhood. It is characterized by 
sporadic attacks of hypoglycemia and ketosis that occur preferen- 
tially after food deprivation between the ages of 1 and 8 years, 
usually with spontaneous recovery before 10 years of age. Hypo- 
glycemia is consistently evoked within 24 hours by a hypocaloric 
ketogenic diet, but normal children exposed to the same diet may 
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show glucose levels equally as low as those of patients with 
ketotic hypoglycemia. As reviewed recently,*! more data accumu- 
late indicating that ketotic hypoglycemia is not a specific entity, 
but may represent a metabolic derangement in the presence of 
various biochemical abnormalities; one of the main derangements 
leading to hypoglycemia and ketosis seems to be any disturbance 
of the gluconeogenic mechanisms, due either to an enzymatic 
block or due to a diminished availability of substrate. In addition 
to the idiopathic form, ketotic or ketogenic hypoglycemia has 
been reported in fructose-1,6-diphosphatase deficiency, hypo- 
alaninemia, growth hormone deficiency, adrenal medullary hypo- 
responsiveness, adrenal cortical insufficiency, branched-chain 
aminoacidemia, glucose-6-phosphatase deficiency, and amylo-1,6- 
glucosidase deficiency. 


Maple Syrup Urine Disease Hypoglycemia is frequently en- 
countered in patients with maple syrup urine disease. Its mecha- 
nism is still obscure. It usually clears with appropriate dietary 
treatment. 


Adrenal Hyporesponsiveness Hypoglycemia with adrenal hypo- 
responsiveness is a distinct clinical entity found most frequently 
in children born small for dates after a complicated pregnancy. 
The hypoglycemic attacks, occurring between 0.5 and 5 years of 
age, are sporadic and occur without pallor or perspiration. The 
insufficient rise in urinary epinephrine during hypoglycemia often 
associated with insufficient cortisol rise has been interpreted as 
evidence for a dysfunction of the hypothalamic hypoglycemia 
center. 


INVESTIGATION OF A PATIENT WITH 
POSSIBLE HYPOGLYCEMIA 


Hypoglycemia should be suspected in all patients exhibiting the 
following signs and symptoms: 


Presenting with the symptoms already noted 

With seizures or episodic psychiatric syndromes 

With coma of unknown origin 

Presenting with stereotyped symptom patterns relative to simi- 
lar or identical circumstances, such as in the fasting state, after 
muscular exercise, or a few hours after a meal 

5. Any patient at risk of developing hypoglycemia (diabetic pa- 
tients treated with insulin or sulfonylureas, alcoholics, and 
others). 


ONS 


However, before a detailed investigation is carried out, hypo- 
glycemia must always be confirmed by an accurate measurement 
of the blood glucose concentration. 


History 


A complete history is essential in patients with possible hypo- 
glycemic disorders. Relief of symptoms after ingesting food or 
sugar suggests the general diagnosis, whereas the relation of the 
symptoms to other events suggests the etiology. If the symptoms 
occur after a meal, the hypoglycemia is probably alimentary or re- 
active, whereas signs occurring in the fasting state or after exercise 
suggest organic hypoglycemia. 


In diabetics receiving insulin, particular attention should be 
paid to the true dose of insulin injected, the site of injection (it has 
been claimed that insulin is more rapidly absorbed from an exer- 
cising limb than a resting site), the nature and quantity of food in- 
gested, the importance of physical activity prior to the hypo- 
glycemic episode, and the ingestion of alcohol or of various 
drugs. In diabetic patients on oral medications, the nature of the 
drug used should be documented, and the number of tablets in- 
gested should be assessed. One of the major aims of the anamne- 
sis should be to detect any drug that may have been simultane- 
ously ingested and may have potentiated the hypoglycemic 
properties of the oral antidiabetic agents. Here also, alcohol 
should not be forgotten. 

In a patient suspected of an insulinoma, the history frequently 
reveals that hypoglycemic symptoms are precipitated by fasting or 
exercise and relieved by food or sugar ingestion. This situation is 
also encountered in patients with extrapancreatic tumor hypo- 
glycemia. In these patients, however, the discovery of the tumor 
often precedes the symptoms of hypoglycemia, but the reverse has 
been reported. Symptoms occurring early after food ingestion sug- 
gest alimentary hypoglycemia, while symptoms occurring 90 min- 
utes to 5 hours after the meal suggest reactive hypoglycemia. The 
nature of the drink mixtures and cocktails consumed will permit di- 
agnosis of alcohol-promoted reactive hypoglycemia. The interro- 
gation of parents of infants presenting with hypoglycemia may lead 
to the diagnosis. For instance, symptoms occurring after ingestion 
of milk suggest leucine-induced hypoglycemia or galactose intol- 
erance, whereas the abrupt occurrence of vomiting and hypo- 
glycemia when a child who is breastfed is given his first drink of 
orange juice or is changed over to a diet containing fructose 
strongly suggests fructose intolerance. By definition, the history is 
often misleading in factitious hypoglycemia. 

In a patient suspected of an autoimmune insulin syndrome, 
previous intake of drugs containing sulfhydryl groups (methima- 
zole, penicillamine, and related compounds) should be carefully 
probed. 


Physical Examination 


As seen previously, when hypoglycemia is present, the symptoms 
result from both neuroglycopenia and the counterregulatory adren- 
ergic reaction. In case of doubt, the prompt cessation of symptoms 
upon ingestion or injection of glucose is an easy means to confirm 
the diagnosis. It is important to recall here the fundamental rule 
that a blood sample must always be drawn to authenticate the hy- 
poglycemia before glucose is administered. Between crises, the 
physical examination may be completely normal. 
One should pay special attention to the following signs: 


e A weight gain may occur in certain patients if hypoglycemic 
episodes are frequent; this has been reported in both organic 
(e.g., insulinoma) and functional (e.g., alimentary or reactive) 
hypoglycemia. 

e A weight loss can be seen in nonpancreatic tumor hypo- 
glycemia as well as in hypoglycemia associated with pituitary 
or adrenal insufficiency. 

e — Injection sites should be sought in factitious, suicidal, or crim- 
inal hypoglycemia. 

e Acanthosis nigricans may be present in patients presenting 
with hypoglycemia due to antibodies against the insulin recep- 
tor with insulinomimetic properties. 
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e Hepatomegaly is usually present in the Nadler-Wolfer-Elliott 
syndrome and in various hypoglycemias of childhood (e.g., 
galactosemia and types I, VI, IX, and X glycogenosis). 

e Abdominal and thoracic masses should be sought in tumor- 
associated hypoglycemia. 

e Psychoneurotic symptoms are frequently associated with reac- 
tive hypoglycemia. 


Laboratory and Technical Investigations 
in Endogenous Hypoglycemia 


In this section, we briefly survey the main laboratory and technical 
investigations available at present to diagnose the most frequently 
encountered causes of endogenous hypoglycemia. 


How to Explore a Patient Suspected 

of Presenting with an Insulinoma 

An insulinoma should be suspected in any patient presenting 
with the triad described by Whipple: symptoms precipitated by 
fasting or exercise, hypoglycemia associated with symptoms, and 
relief of symptoms by glucose. However, as emphasized in all re- 
views on the subject, the demonstration of endogenous plasma in- 
sulin levels inappropriate to the prevailing blood glucose levels is 
the cornerstone of the diagnosis. Simultaneous determination of 
blood glucose and plasma insulin after an overnight fast or during a 
24- to 48-hour fast is one of the best procedures to demonstrate rel- 
ative hyperinsulinism. Various insulin suppression or stimulation 
tests are also helpful. Finally, when one is convinced of the diagno- 
sis of insulinoma, every effort should be made to attempt to local- 
ize the tumor before sending the patient to surgery. 


Basal Plasma Levels of Glucose and Insulin 

Relative basal hyperinsulinism can often be demonstrated by 
the repeated (S~12 times), simultaneous determination of blood 
glucose and plasma insulin after an overnight fast. In normal indi- 
viduals, fasting plasma glucose concentration is usually 70-110 
mg/dL (3.9-6.1 mmol/L), with plasma insulin concentrations usu- 
ally ranging between 5 and 15 U/mL. In obese individuals, basal 
plasma insulin is usually increased due to insulin resistance, and 
values up to 40-50 U/mL have been reported. 


Circulating Levels of Glucose, Insulin, and C Peptide 

During a Prolonged Fast 

A 24- to 48-hour fast in normal individuals is accompanied by 
a modest decline in blood glucose and a significant decline in 
plasma insulin and C peptide. The decrease in plasma insulin is 
usually 30-40%, relative to the values measured after an overnight 
fast. In patients with insulinoma, blood glucose declines markedly 
during fasting, while insulin and C-peptide plasma levels remain 
stable or decline only very moderately; relative hyperinsulinism 
therefore appears. If fasting has to be interrupted due to the occur- 
rence of clinical hypoglycemia, a sample for blood glucose and 
plasma insulin determinations should always be taken before inter- 
rupting the fast or injecting glucose. According to Service and col- 
leagues, a C-peptide plasma level above 0.2 nmol/L at the end of a 
prolonged fast is highly suggestive of the presence of an insuli- 
noma.” In most patients with an insulinoma, symptomatic hypo- 
glycemia will occur within a few hours of food deprivation.” In 
some, however, continuation of the fast for up to 72 hours may be 
necessary." Continuous nocturnal blood glucose monitoring has 
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been used to gather evidence of episodes of nocturnal hypo- 
glycemia in insulinoma patients. 


Insulin Suppression Tests 

Suppression of endogenous insulin secretion by hypoglycemia 
induced by exogenous insulin administration is an elegant means to 
differentiate between insulin secretion under physiologic control 
and uncontrolled insulin release by tumoral tissue. In normal sub- 
jects, insulin-induced hypoglycemia induces a more than 50% re- 
duction of plasma C-peptide circulating levels, indicating inhibi- 
tion of endogenous insulin secretion by hypoglycemia (and maybe 
partly by insulin itself). Such inhibition is not observed in 90% of 
the insulinoma cases. The diazoxide infusion (600 mg over 1 hour 
in 500 mL saline) or oral (600 mg) administration tests can be con- 
firmatory in showing a suppression of insulin and a correction of 
fasting hypoglycemia. These tests may be useful in foreseeing the 
effectiveness of chronic diazoxide therapy when surgical removal 
of the tumor cannot be realized. The response of basal and glucose- 
or glucagon-stimulated insulin release to an intravenous infusion of 
somatostatin is heterogeneous in the small series of patients stud- 
ied with benign or malignant insulinoma. This test seems of little 
value in the diagnosis of insulinoma. 


Other Determinations 

In normal subjects, plasma proinsulin represents only 10-15% 
of the total immunoreactive insulin. In 85% of patients with insuli 
noma, the proinsulin component has been found to be elevated and 
exceeded 25% of total fasting insulin immunoreactivity. Values up 
to 80% have been reported in malignant insulinomas. Plasma levels 
of glucagon and pancreatic polypeptide may be elevated in insuli- 
noma. Low levels of HbA,, have been reported in 25% of the pa- 
tients with insulinoma. 


Localization of the Tumor 

Diagnosis of an insulinoma on radiologic evidence is often dif- 
ficult due to the usually small size of the tumor (see review in 
Grant*”). Selective arteriography via the celiac axis and the supe- 
rior mesenteric artery localizes the tumor(s) in approximately 50% 
of the cases, but occasionally false localizations have been sug- 
gested by the arteriography. Tomodensitometry and ultrasonogra- 
phy help in the diagnosis of relatively large tumors whose diameter 
exceeds 2-3 cm. Magnetic resonance imaging using a high gradi- 
ent power 0.5-T magnet has recently been shown most useful in the 
preoperative localization of insulinomas.® Percutaneous transhep- 
atic catheterization of the splenic and portal veins can be used for 
selective retrograde venous angiography and for selective blood 
sampling and subsequent insulin plasma measurements: Higher 
plasma insulin levels are found in the vein or veins draining the 
tumor. One should always remember that in about 10% of cases 
there is more than one insulin-secreting tumor. External scanning 
of the liver following intravenous administration of technetium sul- 
fur colloid or radiolabeled octreotide™ can detect hepatic metasta- 
sis of malignant insulinomas. Günther and associates“ have re- 
ported their experience in the pre- and perioperative localization of 
small (<2-cm diameter) islet cell tumors. Of 31 small tumors, 27 
were correctly localized using a combined diagnostic approach: 
ultrasound was successful in 12 of 20 tumors, tomodensitometry in 
9 of 21, angiography in 20 of 31, intra-arterial digital subtraction 
angiography in | of 2, and pancreatic venous sampling in 13 of 16. 
The smallest tumor found by ultrasound was 7 mm in diameter. In- 
traoperative ultrasound demonstrated all nine insulinomas exam- 
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ined. Rösch and associates® have shown that endoscopic ultra- 
sonography is a highly sensitive and specific procedure for the lo- 
calization of pancreatic endocrine tumors. Using this procedure, 
they were able to localize 32 of 39 tumors (sensitivity 82%), and no 
tumor was incorrectly localized. Among 22 patients who under- 
went both angiography and endoscopic ultrasonography, ultra- 
sonography was significantly more sensitive than angiography for 
tumor localization (sensitivity 82% versus 27%). Among 19 con- 
trol patients without pancreatic exocrine tumors, endoscopic ultra- 
sonography was negative in 18 (specificity 95%). Proye and col- 
leagues” have recently reported the potential of combining 
endoscopic ultrasonography and somatostatin receptor scintigra- 
phy. Glucose-controlled insulin and glucose infusions (by an artifi- 
cial pancreas) during surgical manipulation of the gland may help 
in localizing the tumor“ as will the intra-arterial infusion of cal- 
cium.*””° Like others,’' we have observed that intraoperative ultra- 
sensitive pancreas echotomography is also a most valuable proce- 
dure for localizing the tumor(s).’? In view of the performance of 
the combination of surgical operation and intraoperative ultra- 
sonography, several groups now consider that preoperative local- 
ization of insulinomas is not necessary.’*”4 


How to Investigate a Patient Suspected 
of Presenting with Non-Islet Cell Tumor 
Hypoglycemia 


Basal and Fasting Levels of Glucose and Insulin 

As in patients with insulinoma, patients with non-islet cell 
large tumor hypoglycemic syndrome usually have low fasting 
blood glucose, and in a starvation test, blood glucose continuously 
falls. In contrast to patients with insulinoma, insulin plasma levels 
are low and decrease to almost zero during fasting. 


Dynamic Tests 

Insulin suppression and stimulation tests are of little help. In- 
sulin is usually markedly suppressed by the prevailing hypo- 
glycemia. In provocative tests (with tolbutamide, glucagon, or 
leucine), the insulin response is usually low. In the OGTT, abnor- 
mal glucose tolerance with low insulin response is frequently 
found. The glycemic response to glucagon is usually normal, indi- 
cating the persistence of significant amounts of glycogen stores. 


Other Determinations 

As stated previously, hypoglycemia results from increased cir- 
culating levels of insulin-like growth factors, recently identified to 
be a large form of insulin-like growth factor II (big IGF-II). 


Localization of the Tumor 

Most of these tumors are large or very large and easy to local- 
ize on the basis of careful clinical examination, routine x-ray inves- 
tigation (chest or abdominal roentgenogram), magnetic resonance 
imaging (MRI), or ultrasonography. 


How to Investigate a Patient Suspected of 

Alimentary or Reactive Hypoglycemia 

As stated earlier, there is little doubt that it would be ideal to 
restrict the diagnosis of alimentary or reactive hypoglycemia to in- 
dividuals in whom hypoglycemic blood glucose levels (below 
45 mg/dL or 2.5 mmol/L) can be demonstrated in blood samples 
taken in everyday life,“ preferably with the use of a memory 
glucometer,”° or after the sort of meals that are said to induce the 


symptoms. For practical reasons, however, this is rarely the case, 
and the oral glucose tolerance test (OGTT) is still widely (if not 
wildly) used as a routine tool for the diagnosis of the various sorts 
of postprandial hypoglycemia. 


The Oral Glucose Tolerance Test 

In the standard OGTT, using 100 g glucose, or as more re- 
cently recommended by various authorities, 75 g glucose, one or 
more blood glucose values below 45 mg/dL are found in these pa- 
tients. The glucose nadir may occur early, at 90 or 120 minutes, and 
when this occurs it is usually preceded by an excessive early rise in 
alimentary hyperglycemia. In reactive hypoglycemia, the glucose 
nadir is usually found 3, 4, or even 5 hours after the ingestion of 
glucose. As already mentioned, excessive insulin response due to 
the rapid dumping of glucose into the upper small intestine is likely 
to be the cause of alimentary hypoglycemia. In reactive hypo- 
glycemia, delayed and sometimes excessive insulin response is 
observed when the glucose tolerance is reduced; excessive insulin 
response is found associated with obesity or with half the cases of 
renal glycosuria. Excessive insulin response has also been ob- 
served in about 50% of patients with isolated reactive hypo- 
glycemia. In 50% of patients with renal glycosuria and in 50% of 
patients with the syndrome, the insulin response is normal in time 
and magnitude.” In the late phase of the OGTT, an unequivocal 
rise in cortisol, glucagon, and growth hormone occurs following 
the glucose nadir. 


Investigation of Gastric Emptying 

Rapid gastric emptying, the causative factor in alimentary 
hypoglycemia, can be demonstrated by x-ray or isotopic studies of 
the upper gastrointestinal tract. 


How To Deal with a Patient Suspected 

of Factitious Hypoglycemia 

Surreptitious self-administration of insulin or sulfonylureas 
is not easy to detect” and can lead to a false diagnosis of islet cell 
disease. 


C Peptide Measurements 

The association of low blood glucose, high plasma insulin, and 
low C-peptide levels strongly suggests exogenous administration 
of insulin,”® in contrast with endogenous insulin overproduction, in 
which low blood glucose and high plasma insulin levels are accom- 
panied by normal or high C-peptide levels. 


Detection of Factitious Hypoglycemia Due 

to Sulfonylurea Ingestion 

Clandestine ingestion of sulfonylurea compounds may mimic 
an insulinoma both clinically and biologically. Screening plasma 
and urine for sulfonylurea compounds may establish the diagnosis. 


How To Recognize Hormone Deficiency 

as a Cause of Hypoglycemia 

Routine endocrinologic investigations will easily confirm a 
suspected diagnosis of glucocorticoid or growth hormone (GH) 
deficiency, panhypopituitarism, and catecholamine deficiency. 
Apparently extremely rare, the syndrome of glucagon deficiency 
could be diagnosed on the basis of a lack of glucagon rise during 
the insulin tolerance test, as well as in response to an alanine or 
arginine intravenous infusion. The insulin tolerance test is the most 
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commonly used procedure for revealing a state of increased insulin 
sensitivity, as well as for measuring the responses of the various 
counterregulatory hormones. The test is performed after an 
overnight fast, and the amount of soluble insulin given corresponds 
to 0.1 U/kg body weight in adults and 4 U/m? in children. Plasma 
samples are taken at 20, 30, 45, 60, 90, and 120 minutes after in- 
jection for measurements of ACTH, cortisol, and 18-OH desoxy- 
corticosterone, adrenaline and noradrenaline, and growth hormone 
and glucagon. Urinary catecholamine excretion during the 3 hours 
following insulin administration gives an overall picture of the 
sympathicoadrenomedullary responsiveness, mainly in young chil- 
dren. In adults suspected of presenting with GH or glucocorticoid 
deficiency, a first test can be performed using 0.05 U/kg body 
weight of insulin to avoid severe hypoglycemia. 


How To Investigate Neonatal 

and Childhood Hypoglycemia 

Neonatal hypoglycemia is often transient and will disappear 
spontaneously within the first 3—4 days of life. Priority should be 
given to careful monitoring of both infants who are known to be at 
risk (in a manner similar to that used for infants of diabetic mothers 
or those suffering from erythroblastosis) and infants who manifest 
clinical signs that could be due to hypoglycemia. Continuous moni- 
toring, and if necessary intravenous glucose infusion, should be per- 
formed prior to any diagnostic investigation. If hypoglycemia per- 
sists after 3-4 days, organic hyperinsulinism or hereditary defects 
of carbohydrate or amino acid metabolism should be suspected.*! 

In neonatal hyperinsulinism, as in the insulinoma syndrome of 
the adult, the clue to diagnosis is the demonstration of excessive 
circulating insulin levels (in the peripheral or the portal blood) in 
the face of baseline blood glucose. In 22 neonates with focal hy- 
perinsulinism, fasting plasma glucose averaged 1 + 0.2 mmol/L 
and plasma insulin 20 + 11 U/mL; 30 neonates with diffuse hy- 
perinsulinism exhibited similar biochemical features: plasma glu- 
cose 1 + 0.2 mmol/L and plasma insulin 22 + 19 wU/mL.*' In 
these infants, the insulin response to intravenous glucose is usually 
relatively small, suggesting that the B cells are already secreting 
maximally in the basal state; the glucose nse after glucagon injec- 
tion is usually present, indicating the ability of glucagon to mobi- 
lize the glycogen stores. 

In glycogen storage diseases, the most useful test is the 
glucagon test, in which 0.03 mg/kg of glucagon is injected intra- 
venously. A normal blood glucose response is observed in types II, 
IV, V, VU, VIII, IXa, and X; in type I (von Gierke’s disease), the in- 
jection of glucagon does not induce any rise in blood glucose, but 
does induce a rise in lactate; in type III, the response to glucagon is 
normal after food, but poor in the fasting state; in type VI, in which 
liver phosphorylase activity is absent, there is no glycemic re- 
sponse to glucagon; and in type IXb the response is poor. In all 
these cases, the diagnosis can be established with certainty by de- 
tailed enzymatic measurements on tissue (liver, muscle) biopsy 
specimens. The same applies for rare disorders such as hereditary 
fructose intolerance, fructose-1,6-diphosphatase deficiency, galac- 
tosemia, and phosphoenolpyruvate carboxykinase deficiency. 

In hereditary fructose intolerance, the intravenous infusion of 
fructose (0.25 g/kg) invariably induces marked hypoglycemia, con- 
trasting with the modest rise in blood glucose usually seen in nor- 
mal children; in these patients, the blood glucose response to 
glucagon is normal, providing the test is not performed immediately 
after giving fructose. In fructose-1,6-diphosphatase deficiency, fast- 
ing induces hypoglycemia with simultaneous hyperlactacidemia 
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and often ketosis, hyperuricemia, and hyperalaninemia. In galac- 
tosemia, a significant fall in blood glucose after oral galactose 
(1.25-1.75 g/kg body weight) is observed in about two-thirds of 
the galactosemic patients, but in view of the toxicity of this sugar in 
these patients, this test is not recommended. Impaired oxidation of 
[1-'4C] galactose by the red cells of these patients can be demon- 
strated in vitro. For establishing the diagnosis of leucine-induced 
hypoglycemia, a drop of the blood glucose level below 50% of the 
fasting level during the first 45 minutes of an oral leucine test 
(0.15 g/kg body weight) is required; an excessive insulin response 
is usually observed. The response to tolbutamide is abnormal in 
more than 80% of these patients. The leucine and tolbutamide tests 
should not be performed if the initial blood glucose is already low. 
For the diagnosis of ketogenic hypoglycemia, a hypocaloric high- 
fat diet (ketogenic provocative test) is commonly used. Urine 
should be tested every 2 hours for ketones, and blood glucose (and 
if possible plasma alanine) determined every 3-4 hours. For the 
diagnosis of growth hormone or epinephrine deficiency in children, 
the lack of increase in plasma growth hormone or in urinary epi- 
nephrine during an insulin tolerance test (0.1 U/kg intravenously) 
is the best criterion. The test should not be performed if the fasting 
blood glucose is not above 50 mg/dL (about 2.8 mmol/L). 


TREATMENT OF HYPOGLYCEMIA 


Prevention of Hypoglycemia 


In many circumstances, the prevention of hypoglycemia is possi- 
ble. In insulin-treated patients with diabetes, appropriate education 
is of paramount importance; they should know how to adjust their 
insulin regimen according to their daily needs, their food intake, 
and their physical activity (see Chap. 29). In adolescents, the use of 
continuous subcutaneous insulin infusion has been advocated to 
lower the risk of severe hypoglycemia, improve metabolic control, 
and enhance coping.” Knowledge by the physician of the phar- 
macologic interactions of many drugs with both insulin and oral 
antidiabetic agents will permit the necessary adjustments of the 
doses of hypoglycemic agents when interfering compounds are si- 
multaneously prescribed. Alcohol-induced fasting hypoglycemia 
can be prevented by advising the patient to consume an adequate 
amount of carbohydrate within 6-36 hours of ingesting moderate 
or Jarge amounts of alcohol. In susceptible subjects suffering from 
alcohol-provoked reactive hypoglycemia, the incidence and sever- 
ity of symptoms are reduced by decreasing the amount of sucrose 
(or glucose) ingested and by replacing it with either saccharin or 
fructose. Finally, the administration of acetylsalicylic acid in chil- 
dren below the age of 2 years should be avoided, and the daily 
dose, if used, should not exceed 10-20 mg/kg body weight every 
6 hours. One must be particularly cautious in dehydrated children. 
Prevention of neonatal hypoglycemia implies the prenatal identifi- 
cation of infants at risk, such as infants of diabetic mothers or those 
suffering from erythroblastosis, as well as those who are small for 
dates, preterm, or the smaller of twins. Prophylaxis consists of re- 
ducing nonessential caloric expenditure, effecting heat conserva- 
tion by nursing the infant in the appropriate thermal environment, 
and ensuring adequate caloric intake through a regimen of early 
feeding. Adequate and specific dietary changes prevent hypo- 
glycemic attacks in patients with fructose intolerance (removal of 
sucrose, fruit, and fruit juices), galactosemia (galactose-free diet), 
and leucine-induced hypoglycemia. In children prone to ketotic 


970 DIABETES MELLITUS 


hypoglycemia, attacks can be avoided by insisting on a nighttime 
carbohydrate-rich snack and consumption of frequent small-to- 
moderate amounts of carbohydrate-rich foods. particularly during 
periods of mild illness. Finally, frequent feeding (every 2-3 hours) 
prevents severe hypoglycemia in type I glycogen storage disease; 
portacaval transposition performed in a few cases gave promising 
results. Hypoglycemia following total parenteral nutrition is pre- 
vented by starting an IV infusion of 10% glucose at the time of 
discontinuation and gradually decreasing the IV glucose load over 
12 hours. 


Management of Acute Hypoglycemia 


When the patient remains conscious, ingestion of some form of 
sugar by mouth (soft drinks containing saccharose, sugar cubes, 
glucose tablets, or solution equivalent to 5-20 g of carbohydrate) is 
usually followed by rapid relief of symptoms. In the unconscious 
patient, intravenous injection of glucose should be given, approxi- 
mately 0.5 g/kg body weight in children. In diabetics with severe 
hypoglycemia, glucose doses in the range of 25-50 mL of 30-50% 
solution should be given. Intravenous glucose should be main- 
tained as long as necessary (possibly days in hypoglycemia due to 
long-acting sulfonylureas) until persistent euglycemia or slight hy- 
perglycemia is present. Intravenous, subcutaneous, or intramuscu- 
lar glucagon (0.5-1.0 mg) can be used to treat severe hypo- 
glycemic reactions of insulin-treated diabetic patients. The patient 
will often become conscious in 5-20 minutes; if not, a second dose 
may be given. Glucagon is not effective for much longer than 1-1.5 
hours, and the patient should eat a snack or a meal of at least 20 g 
of carbohydrates as soon as he or she becomes conscious to prevent 
hypoglycemia from occurring again. Glucagon is less suitable for 
treating hypoglycemic attacks in sulfonylurea-treated patients be- 
cause hypoglycemia in this circumstance is much more prolonged. 
The symptoms of hypoglycemia yield almost immediately to intra- 
venous glucose unless hypoglycemia has been sufficiently pro- 
longed to induce organic changes in the brain. If the patient re- 
mains unconscious after prolonged hypoglycemic coma despite 
blood glucose levels in the range of 200 mg/dL, the blood glucose 
should be maintained at that level by a glucose drip to which 
100 mg hydrocortisone should be added every 4 hours for the first 
12 hours to minimize cerebral edema. Sufficient insulin should be 
given to prevent ketosis. Finally, rapid recovery of consciousness 
has been described in cases refractory to glucose and hydrocorti- 
sone following slow intravenous infusion of 200 mL of a 20% so- 
lution of mannitol. The possible side effects of this treatment 
should be kept in mind. 


Etiologic Management and Particular Cases 


Insulinoma 

Single benign adenomas are most common and their removal 
by pancreatic surgery is the first and obvious choice of treat- 
ment.°’? Preoperative localization of the tumor is recommended. 
The risk of the operation is related to the location of the tumor, 
being minimal with enucleation of the adenoma or distal pancreatic 
resection, and increasing if subtotal pancreatectomy or particularly 
if pancreatoduodenectomy is performed. Laparoscopic excision 
has been reported. Medical management of a benign tumor is re- 
served for patients who do not accept surgery or in whom major 
contraindications for the operation exist. In those cases, the man- 
agement will often include diet with frequent meals, diazoxide, 


which directly inhibits the release of insulin by B cells and also has 
extrapancreatic hyperglycemic effects, and a thiazide diuretic. Dia- 
zoxide daily doses range from 150-600 mg. High doses induce 
sodium retention and edema, which are counteracted by thiazides. 
In some cases of insulinoma, the anticonvulsant diphenylhydantoin 
(300-600 mg/d) has been used successfully for controlling refrac- 
tory hypoglycemia. 


Neonatal Hyperinsulinism Due 

to Nesidioblastosis 

The initial treatment consists of glucose (up to 15-25 
mg/kg/min), hydrocortisone (10 mg/kg/d), and diazoxide (20 
mg/kg/d), as well as intermittent glucagon injections (0.1 mg/kg 
IM). If the situation is unstable with this therapy, removal of 75%, 
and sometimes in a second operation, of 95-100%, of the pancreas 
may be necessary to prevent severe hypoglycemia and secondary 
mental retardation. De Lonlay-Debeney and associates”! have re- 
cently reported that among 52 neonates with hyperinsulinism, 22 
had focal adenomatous islet cell hyperplasia that was successfully 
treated with partial pancreatectomy. These neonates had been iden- 
tified through pancreatic catheterization and intraoperative histo- 
logic studies. Striking beneficial effects of long-acting protamine 
somatostatin treatment have also been reported." 


Autoimmune Insulin Syndrome 

The drugs accelerating the production of insulin antibodies 
include methimazole, thiopronin, glutathione, and penicillamine. 
Definitive withholding of those drugs is mandatory because imme- 
diate recurrence of the syndrome has been reported after readmin- 
istration of the incriminated drug. 


Anti-Insulin Receptor Antibodies 

Prognosis is poor in patients presenting with fasting hypo- 
glycemia due to antibodies against the insulin receptor having 
insulinomimetic properties. In some patients, high doses of predni- 
solone (120 mg/d) have improved the situation. Other therapeutic 
approaches include plasmapheresis or immunosuppression with 
alkylating agents. 


Malignant Tumors 

Streptozocin, in association with fluorouracil or doxorubicin,*! 
is the most effective antitumor agent for treating metastatic malig- 
nant insulinoma, possibly after surgical reduction of the tumor 
mass and/or removal of liver metastases.” Streptozocin causes se- 
lective destruction of the pancreatic B cell. It is often capable of 
controlling hypoglycemia, and in about half of cases causes a 
measurable decrease in tumor size. Renal tubular toxicity resulting 
in proteinuria is the most significant side effect. The treatment 
schedule is most often 1-2 g/m? administered every week. Medical 
treatment often involves diazoxide and a thiazide diuretic, the 
doses required often being higher than in benign tumors. Other 
compounds capable of alleviating hypoglycemia include glucocor- 
ticoids, which increase gluconeogenesis and insulin resistance, and 
high doses of propranolol or chlorpromazine, which in a small 
number of patients reduce plasma insulin levels. Besides strepto- 
zocin, other tumoricidal drugs have been used in a small number of 
cases: chlorozotocin,*! L-asparaginase, 5-fluorouracil, tubercidin, 
doxorubicin, and mithramycin. A few studies have indicated that 
some patients with malignant insulinoma can be improved by the 
use of the somatostatin analogue octreotide at 3—4 daily doses of 
50-100 pg**** or by radiotherapy.®° 


Chapter 58 


Alimentary and Reactive Hypoglycemia 

Diet is the first treatment of alimentary and reactive hypo- 
glycemia.** Simple sugars should be omitted and replaced by com- 
plex carbohydrates. Alcohol consumption should also be limited. If 
symptoms persist, small but frequent meals (usually 6) of a high- 
protein, low-carbohydrate diet should be tried. When dietary man- 
agement is insufficient, dietary fiber or anticholinergic drugs (such 
as atropine or propantheline) or both can be used to retard gastric 
emptying and the carbohydrate absorption rate. This is often neces- 
sary in patients who have had gastric surgery. The dose of propan- 
theline is 7.5 mg 30 minutes before meals. Biguanides (such as 
metformin) may help some patients. In our experience the treat- 
ment of choice is acarbose, an a-glucosidase inhibitor that delays 
carbohydrate digestion and intestinal glucose absorption. With a 
dose of 50-100 mg at the beginning of the meal, acarbose signifi- 
cantly reduces postprandial hypoglycemia.*” Similar results have 
been reported with miglitol, another a-glucosidase inhibitor.** 


Leucine-Sensitive Hypoglycemia 

The treatment of leucine-sensitive hypoglycemia consists of 
frequent feeding and a low-leucine diet. In some cases, it is neces- 
sary to prescribe diazoxide, at doses ranging between 5 and 
10 mg/kg/d. Hirsutism may complicate long-term treatment with 
diazoxide. 
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CHAPTER 59 


Economic Aspects: Insurance, Employment And Licensing 


Christopher D. Saudek 
Shereen Arent 


Diabetes mellitus imposes significant social and financial as well 
as medical burdens. In 1997, diabetes cost the United States an es- 
timated $98 billion.' Interestingly, only $7.7 billion of this was for 
acute glycemic care. The vast majority of the cost of diabetes is re- 
lated to specifically related chronic complications ($11.8 billion), 
excess prevalence of general medical conditions ($24.6 billion) and 
attributable indirect costs (totaling $54.1 billion, including $37.1 
billion for disability and $17 billion for premature death). 

At an individual level, even the person who is well adjusted 
and free of significant diabetic complications is affected financially 
by the disease. He or she may be blocked from purchasing ade- 
quate health, disability, and life insurance at an affordable price, 
because diabetes imposes a potentially high cost of medical care 
and risk of premature death. There may be hardship caused by un- 
fair exclusion from employment opportunities. Employers may 
even terminate a person or seriously restrict opportunities for ad- 
vancement because of perceived disabilities attributed to diabetes. 

This chapter will address the economic dilemmas encountered 
by people with diabetes, insurers, and employers. The underlying 
theme is that the interests of all three can be reconciled within the 
law, and that the health care practitioner should know enough to 
help in this reconciliation process. 


THE HEALTH CARE SYSTEM IN TRANSITION 


Universal, all-inclusive health care reform has hardly been men- 
tioned since the early 1990s.” But there is no doubt that the fi- 
nancing as well as the organization of health care is undergoing 
fundamental change in the United States. The shift toward man- 
aged care may be receding, with early signs of re-emphasis on pa- 
tients’ rights and broadening coverage. But even without knowing 
how it will all turn out, it is clear that many pitfalls as well as op- 
portunities exist for people with diabetes. It therefore behooves 
health care professionals to understand and deal effectively with 
the forces at work. 


Driving Forces of Health Care Reform 


Two major forces drive every discussion of health care reform: the 
spiraling cost of health care in the United States and its inconsistent 
quality. While some moderation in expenditure growth was en- 
forced in the first few years of managed care, costs again appear to 


be spinning out of control,’ most recently at a rate of about 6.5% 
per year, with further acceleration predicted.* Some 28% of the 
Medicare budget goes to health care for people with diabetes. Fur- 
thermore, Americans continue to spend a far higher fraction of the 
gross domestic product on health than any other industrialized na- 
tion. Moreover, indices of quality are not encouraging. There have 
been few international comparisons of the quality of care,” © but it 
is clear that we have a long way to go as a nation before all people 
with diabetes receive quality care. It is understandable, therefore, 
that patients, employers, providers of care, and third-party payers 
all have an interest in the economic consequences of diabetes. 


Organization of Health Care 


One reason our costs are so high and our quality so variable may 
be that in fact there is no health care “system” in the United 
States; rather, there is an almost unbelievably complex patch- 
work of different systems. Physician providers may practice 
alone or in a group. The traditional model of a physician eaming 
a living by billings is far less prevalent than it was decades ago. 
In fact, while practitioner earnings based on billing may still be 
the majority approach, a great many health care professionals are 
now salaried, whether working in full-time academic positions, 
as military or public health service employees, working for large 
companies, or in health maintenance organizations (HMOs), or 
any combination of these. The certified diabetes educator has be- 
come a widely accepted profession, existing in a wide variety of 
practice settings. 

Delivery sites also vary tremendously. They may be single of- 
fices, hospitals, or clinics operated by profit or nonprofit corpora- 
tions; they may be university clinics, or federal, state, or local gov- 
ernment facilities. It would be nice to think that people with 
diabetes are rationally triaged along a sequence of practice settings, 
with the most stable patients receiving basic, primary care, and the 
most difficult-to-manage receiving the attention of specialists. But 
such rational use of manpower is not the rule. 

Payment mechanisms, too, are diverse and often without sound 
rationale. Examples abound of nonsensical decisions about ‘‘med- 
ical necessity” or “clinically indicated care.” Therefore, an under- 
standing of the various reimbursement systems in place and under 
development is necessary if we are to operate effectively in this 
consummately pluralistic environment, and bring some rationality 
or reform to it. 
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Methods of Coverage 


Fee for Service Payment 

This time-honored system is the equivalent of piece work, and 
the incentives are roughly the same: the provider is paid by the 
number of visits, tests, and particularly, procedures. Knowingly or 
not, providers often orient their practice toward a high volume of 
remunerative procedures. Insurance premiums escalate as the pay- 
outs to providers increase, making these “indemnity” insurance 
plans less price competitive. The only way to control the outlays is 
to discourage volume and hold down reimbursement, particularly 
of hospital days and procedures. Insurers who reimburse providers 
on a fee-for-service basis, then, initiate utilization review, preau- 
thorization, and other means of reducing the volume of payments. 


Prepaid Capitated Payment 

Under capitated payment plans, an organization (for-profit or 
not-for-profit) is paid up front premiums and contracted to provide, 
not just pay for, the total care for enrolled individuals. Having al- 
ready collected the fee, the delivery system loses, rather than gains, 
from every service it provides. The incentives, then, are the exact 
opposite of those operating in a fee-for-service mode: capitated 
systems profit by enrolling healthy people. The “staff model” 
HMO, first popularized in the 1970s, is the prototype capitated 
payment system. Professionals are hired by the corporation to pro- 
vide care, and the corporation profits to the extent that cost per pa- 
tient remains under the capitated rate. 


Hybrid Systems 

Virtually every imaginable permutation exists of pure fee-for- 
service, indemnity insurance, and the staff model HMO. HMOs 
open their panel, for example, to negotiate with outside physicians, 
offering a high volume of patients in return for a reduced per- 
service fee. Indemnity plans develop lists of “preferred providers” 
who, again, agree to accept a reduced per-service fee in exchange 
for volume. Physicians may be added to or cut from these lists 
based on the cost of their practice style. A system popular in the 
mid-1990s was the “point of service” approach, which allows en- 
rolled patients to go outside a closed list of approved doctors, but 
the patient pays more out-of-pocket or a co-pay to do so. 

It may be oversimplified to think that professionals respond 
only to the basic (and base) economic incentives described 
above—that fee-for-service physicians provide unneeded services 
just to increase income, and prepaid systems withhold needed serv- 
ices to increase their profit. But it also seems naive to imagine that 
physicians and managed care systems are immune to financial in- 
centives. There is little doubt, for example, that capitated systems 
try to enroll healthy, low-risk people (known as “lives” in the in- 
dustry), and there is little doubt that fee-for-service providers de- 
liver more services to people with insurance coverage. 


Competition in Health Care Delivery 


A prevalent notion, popular among legislators and deeply rooted in 
the American psyche, holds that competition among providers will 
contain cost. There are basic flaws in this notion as applied to 
health care, however. For example, if “consumer” is taken to mean 
“patient,” then shopping for the best deal is among the least likely 
behaviors when someone is sick. 

The consumer need not be the individual patient, however, and 
indeed negotiations now occur much more effectively between 


providers and professionals who represent large consumers of 
health care, such as corporations, unions, or government. As 
providers, not only physicians, but hospitals, HMOs, and indem- 
nity insurance plans are all in fierce competition with each other. 
Competition is now a fundamental part of the health care land- 
scape. 

Even sophisticated negotiators in the diverse arena of health 
care finance are often ignorant of the needs of individual people 
with chronic diseases like diabetes. How may coverage negotiators, 
faced with decisions on open heart surgery sites, PET scanning fa- 
cilities, or neonatal intensive care units, think a great deal about 
glucose monitoring strips or the importance of routine foot care? 
Professionals who are aware of these issues must speak out, de- 
manding coverage of needed services for their patients. 


Navigating the System for People with Diabetes 


Availability of Health Insurance 

Given the competitive incentives noted above, people with dia- 
betes can find themselves excluded from insurance coverage, pro- 
vided with minimal care, or forced to pay out-of-pocket for a sub- 
stantial part of their health care costs. To prepaid and capitated 
providers, people with diabetes are a predictably high expense; 
there is no incentive for HMOs to enroll them or to retain them 
once enrolled. Insurers who pay fee-for-service and are concerned 
about the cost of premiums, can also do better simply by excluding 
from coverage preexisting conditions like diabetes. 

Health insurance for people with diabetes will be more avail- 
able, and the costs of caring for diabetes will be more equitably 
distributed, if these disincentives are rectified. Assuring that capi- 
tated plans take their share of sick people would help, as would 
prohibition of noncoverage for preexisting conditions. But the best 
way out of the quagmire may be to change the incentives them- 
selves, through a process called risk adjustment. 


Risk Adjustment 

The arcane process of risk adjustment gauges how sick a par- 
ticular group is and pays the provider a capitated rate according to 
the risk of the population covered. A managed care organization 
enrolling predominantly Medicare patients over 65 would receive 
more, per enrollee, than would one enrolling a young, working 
population. Without risk adjustment, as described, there is no in- 
centive to care for the sick since it is cheaper to care for the well. In 
theory, resources are distributed according to the amount of care re- 
quired and provided. Risk adjustment may therefore be the ulti- 
mate mechanism that will allow a pluralistic delivery system to sur- 
vive in the United States. It is very much in the interest of people 
with diabetes to assure adequate compensation for quality care to 
people with known chronic disease. 


Quality of Care Issues 

Particularly with the benefits of glycemic control now well- 
proven, significant quality issues are raised. What supplies are re- 
imbursed? What counseling services are provided? When should 
an endocrinologist be involved? A podiatrist? Self-management 
training? The case can and must be made that good self-care yields 
long-term financial savings, but this case may not be enough, when 
providers look at annual balance sheets. Even “outcomes research” 
can be misleading if it does not factor in the long-term conse- 
quences of poor care. 
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Standards of care should be disseminated and enforced, with 
all payers made aware that quality care is the right of all people 
with diabetes. Evidence should be gathered and summarized for 
the various aspects of quality care. “Medical necessity” should 
cover all elements of care proven to have benefit, not just those 
needed to allow the person to survive another day or year. 


OBTAINING HEALTH INSURANCE 


Harris and associates have compared the health insurance status of 
adults with diabetes versus those without.’ They concluded that 8% 
of adults with diabetes were without any health insurance. This is 
the same figure estimated much earlier by Krall.* Harris and asso- 
ciates went on to find that the percentage of the sample covered by 
insurance was nearly equal for those with diabetes and for those 
without. Because having diabetes increases the likelihood of high 
medical expenses, however, it is particularly risky not to have ade- 
quate coverage. There is also evidence that the uninsured popula- 
tion with diabetes is increasing. In California, the number of unin- 
sured people with diabetes increased 50% between 1979 and 1986. 
Many of these uninsured people were neither poor nor unem- 
ployed. Thus, finding adequate, affordable health insurance re- 
mains a major problem for people with diabetes. 

Health insurance is obtained either through the private sector 
or by qualifying for a government-funded plan. While qualification 
criteria for government programs are relatively specific, there is, as 
summarized above, an enormous array of private health insurance 
options available. 


Options for Health Insurance Coverage 


For people with diabetes it is most important to have some form of 
health care coverage, and a prospective employer’s insurance op- 
tions may legitimately become the driving force when a person 
with diabetes chooses a job. While in large employer and “entitle- 
ment” programs, a series of choices are often available (“cafeteria” 
style), small employers may offer little or no health care coverage, 
and temporary or part-time work may be the worst option. In gen- 
eral, people with diabetes are well advised to look for work with a 
large company or the government. 


Public Entitlement Programs 

The federal government is the single largest provider of health 
insurance, and federal entitlement programs are often the most reli- 
able source of health insurance coverage. Indeed, over 57% of 
Americans with diabetes are covered by federal programs.’ In ad- 
dition to Medicare and Medicaid, the Department of Veterans Af- 
fairs and the Indian Health Service also provide care for large num- 
bers of people with diabetes. 

Generally, eligibility for public sector coverage is established 
as an “entitlement”—a right to coverage under law—if the person 
meets certain defined characteristics. Legislatures and federal or 
state agencies define exactly who is entitled to coverage under a 
given program, and the extent of that coverage. Medicare eligibil- 
ity, for instance, is established mainly on the basis of age, disabil- 
ity, or end-stage renal disease. Receipt of veterans’ medical bene- 
fits depend upon the person having served on active military duty. 
Medicaid is meant mainly for low-income people. 

There may be, as with Medicare, a significant monthly fee to 
the enrollee, and often copayment is required. There may also be 
enormous coverage gaps, exemplified by the longstanding failure 
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of Medicare to cover pharmaceuticals or long-term care, both of 
which are clearly major health care needs of the elderly. These gaps 
in coverage spawned the market for supplemental, or “Medigap” 
insurance. “Medigap” policies are sold with the specific purpose of 
covering items government plans leave uncovered. However, there 
are two pitfalls: the policies may be redundant, re-covering what is 
already covered, and the price may be excessive (a judgment made 
by comparison shopping or by an independent insurance expert). 


Principles of Private “Indemnity” Health 

Insurance 

The principles which govern privately obtained coverage are 
quite different from those of public programs. In theory, private 
health insurance provides a risk-sharing approach: the cost of ill- 
ness in a few is spread among many subscribers. As long as they 
comply with state laws, private insurers are free to offer whatever 
coverage they choose, to whomever they choose, at whatever price 
they choose. This freedom may allow the private insurer to refuse 
coverage, offer it only at a high price, limit benefits, or select their 
covered population by more subtle means such as targeted market- 
ing campaigns. 


Group Coverage 

Over 80% of private health insurance is sold on a group basis, 
because actuarial calculations are more accurate if based upon rel- 
atively large populations. As few as ten subscribers may qualify as 
a group. Usually, group policies are obtained through employment, 
although associations such as unions and fraternal or professional 
organizations often offer group insurance. Until the day when 
portability becomes the rule (i-e., when a person’s policy is not tied 
to the employer, but can be transported from job to job), it is crucial 
for people with diabetes to seek employment where group health 
insurance is offered, or to be sure they have access to a group pol- 
icy elsewhere. The best option for keeping coverage after leaving a 
given employer is called COBRA. 

COBRA is an acronym for Consolidated Omnibus Budget 
Reconciliation Act, and it has provided important protections since 
its passage in 1986. COBRA permits a person and their dependents 
to continue in a previous employer’s group health plan after that 
person retires, quits, is fired, or has work hours reduced. Continua- 
tion coverage also extends to surviving, divorced, or separated 
spouses, and dependent children. COBRA continuation coverage 
generally lasts 18-36 months. A person may be eligible if the em- 
ployer has 20 or more employees, but the person must pay the full 
premium him- or herself. 

Group insurance is priced either by “experience rating” or 
“community rating.” 

Experience rating refers to the adjustment of rates based upon 
the health claims experience of a given group. This practice can 
work to the disadvantage of people with diabetes, especially if a 
smal] employer is singled out for rate increases because of a single 
sick employee. There may be pressure on the person with diabetes 
to leave employment or be removed from the company policy. For 
this reason, “community rating” is far more desirable. It adjusts 
rates based on the wider community, spreading risk broadly rather 
than penalizing subscribers for legitimate health care claims. 


Individual Coverage 

Policies rated and issued on an individual basis to people with 
diabetes are contrary to insurance theory, since they amount to col- 
lecting high premiums and paying out predictably high expenses, 
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rather than sharing the risk of illness broadly. Individuals, who 
have limited economic clout or a chronic disease such as diabetes, 
are thus at a great disadvantage in the individual coverage insur- 
ance market. This is the primary reason why a person with diabetes 
is best served when he or she is part of a large group. The person 
with diabetes is unattractive to the insurer and to the subscriber, 
and it may be impossible for that person to obtain coverage at a rea- 
sonable cost. 


Pooled Risk Plans 

Some states provide pooled risk plans to cover otherwise unin- 
surable risks. People can usually only apply if they have been re- 
jected for standard individual policies. Although the programs vary 
from state to state, the cost of coverage is commonly 150% of the 
standard individual rate, sometimes with a deductible as high as 
$2000. This price is far preferable to going without adequate insur- 
ance or paying exorbitant individual rates. Physicians and their pa- 
tients can contact their state insurance commissioner to find out 
what is offered in their state. For more information, go to the web- 
site of the National Association of Insurance Commissioners at 
http://www.naic.org/Iregulator/. 


HIPA 

A more recent protective law is the 1996 Health Insurance 
Portability and Accountability Act or HIPA, which is intended to 
make it easier for people with preexisting conditions to get or keep 
health insurance, or to change from one health plan to another. This 
law sets national standards for all health plans. It also requires the 
consumer to meet very specific conditions for continuing to acquire 
insurance. Since states can pass different reforms for the health 
plans they regulate (fully insured group health plans and individual 
health plans), protections may vary from state to state. While the 
statute has provided assurances that people—even those with dia- 
betes and other chronic conditions—must be able to purchase in- 
surance, it unfortunately did not offer any price protections. Thus 
premiums offered may be quite high. However, for the person with 
diabetes, high premiums are often preferable to no insurance. 

For more information on HIPA and other insurance issues, 
go to Georgetown University: http://www. healthinsuranceinfo. 
net/. 


Community Health Centers: Help for the 

Uninsured 

Harris pointed out in 1994 that almost 600,000 people with di- 
abetes did not have any insurance coverage at all’. While 93% of 
all adults with diabetes had some form of insurance, there was 
marked variability based on ethnicity with, for example, 34% of 
Mexican-Americans uncovered.” 

The nation’s community health center (CHC) system currently 
provides health care to some 12 million people. Of these, about 
25% or 4 million have no insurance at all. The two most frequently 
diagnosed conditions among those using the CHCs are hyperten- 
sion and diabetes. The number of people served by community 
health centers is expected to increase dramatically, and federal 
funding for CHCs is also increasing significantly. The majority of 
community health centers receive partial funding from the Health 
Resources and Services Agency (HRSA). HRSA and the Centers 
for Disease Control (CDC) have collaborated on a program to im- 
prove diabetes care among those CHCs that do receive HRSA 
funding, and this has resulted in dramatic improvements in the fre- 
quency and results of the HbA,, test. As part of the social safety 


net, CHCs are required by law to see anyone seeking medical as- 
sistance and cannot turn away the uninsured. 


Specific Issues in Health Insurance Coverage 

In addition to physician and hospitalization fees, a number of 
expenses are part of necessary diabetes care. Indeed, the per capita 
medical costs for the person with diabetes is $10,071 versus just 
$2669 for the person without diabetes.' Among the individual costs 
may be durable equipment such as blood glucose meters and in- 
sulin pumps, orthotic shoes, or even prostheses. Diabetes care of 
course also often requires insulin, syringes, testing strips, or oral 
hypoglycemic agents. Yet, incredibly, these basic elements of self- 
Management may not be reimbursed, while more expensive and 
less easily justified expenses such as hospitalization for diabetic 
control are well reimbursed. 

Comprehensive patient education and access to the supplies 
and equipment needed to manage the disease are all integral to 
good diabetes care. In 1997, Congress passed a bill mandating that 
Medicare pay for blood glucose monitors and strips as well as dia- 
betes self-management training. Passage of the legislation resulted 
from years of advocacy on the part of the American Diabetes Asso- 
ciation (ADA) and other associations interested in improved care 
for diabetes. In 1998, the Health Care Financing Administration 
(HCFA) established rules to implement the glucose meter and strip 
coverage portion of the legislation. In February of 2001 Medicare 
established final rules for diabetes education programs, and reim- 
bursement is now available for all the quality diabetes education 
programs recognized by the ADA. 

Medicare coverage policy does not assure coverage by other 
insurance mechanisms, although the federal program is tradition- 
ally seen as the leader in coverage policy. And while the Medicare 
changes for diabetes coverage were going into effect, states were 
also improving coverage for people with diabetes. At this writing, 
thanks in large part to the American Diabetes Association and its 
partners, 44 states and the District of Columbia have enacted laws 
requiring state-regulated insurance plans to include coverage for 
diabetes supplies, equipment, and education as part of the basic 
coverage offered to all purchasers (Table 59-1). As many as one- 
third of people with diabetes get their insurance coverage from 
state-regulated plans. More information about coverage in a partic- 
ular state is available through employers human resources depart- 
ments, or through the ADA at 1-800-DIABETES. 


Conclusion: Advising a Patient on Health 

Insurance 

The following points should be emphasized in discussing 
health insurance with patients with diabetes: 


1. Adequate insurance coverage for people with diabetes is essen- 
tial. The adequacy of coverage should often be a significant 
factor in job selection. 

2. Government entitlement programs, group health insurance 
policies, or pooled risk plans are usually far more cost effective 
than purchasing an individual insurance policy. 

3. Insurance policies should be evaluated for specific covered 
benefits the individual with diabetes may require: specialist 
care, meters, glucose test strips, insulin, etc. 

4. Reimbursement for diabetes self-management training is be- 
coming more readily available, and is an important addition to 
the financing of diabetes care. 
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TABLE 59-1. Impact of Diabetes Legislative Initiatives 


State Year Enacted Residents with Diabetes* 
Wisconsin 1987 319,006 
New York 1993 1,222,283 
Minnesota 1994 273.409 
Florida 1995 1,104,972 
New Jersey 1996 534,990 
West Virginia 1996 150,997 
Maine 1996 78,096 
Oklahoma 1996 251,944 
Rhode Island 1996 67,088 
New Mexico 1997 100,865 
Arkansas 1997 182,161 
Indiana 1997 433,535 
Maryland 1997 367,508 
Vermont 1997 34,942 
Washington 1997 312,796 
Texas 1997 1,211,149 
Tennessee 1997 381,067 
Connecticut 1997 212,826 
Louisiana 1997 315,814 
Missouri 1997 368,592 
North Carolina 1997 539,837 
Nevada 1997 94,585 
New Hampshire 1997 65,722 
Georgia 1998 490,715 
Kentucky 1998 284,011 
Colorado 1998 199,617 
Arizona 1998 213,092 
Kansas 1998 142,270 
Illinois 1998 786,815 
Mississippi 1998 209,319 
Pennsylvania 1998 874,355 
Virginia 1999 420,642 
South Dakota 1999 42,335 
Iowa 1999 191,673 
Nebraska 1999 105,065 
South Carolina 1999 259.191 
California 1999 2,096,337 
Utah 2000 91,146 
Massachusetts 2000 383,946 
Alaska 2000 28,510 
Hawaii 2000 75,103 
District of Columbia 2000 40,582 
Delaware 2000 52,189 
Michigan 2001 702,485 
Wyoming 2001 24,326 
Total: 16,337,908" 


*United States Centers for Disease Control and Prevention (diagnosed and undiag- 


nosed). 


Approximately 33% of Americans are covered by private health insurance plans reg- 

ulated by state laws, The remainder either have plans not regulated by state law (e.g., 
Medicare, ERISA-exempt, Federal Employees Health Benefit Plan) or have no cover- 
age at all. 


LIFE INSURANCE 


Diabetes, despite its variability in clinical outcome, does increase 
the risk of premature death. For this reason, life insurance may be 
difficult to obtain and relatively expensive. However, life insurance 
policies are available, even for the individual with type | diabetes. 
Two points are worth noting. First, the patient and the physician 
must be honest in recording significant, known diagnoses on any 
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application. Hiding a diagnosis of diabetes may invalidate a policy 
if payment becomes necessary, and may also leave the physician 
open to charges of providing (by omission) false information. Sec- 
ond, if the actual diagnosis is not in fact diabetes mellitus, but im- 
paired glucose tolerance with borderline or high risk of developing 
diabetes, then the word “diabetes” should not appear, lest the per- 
son be saddled with the economic penalties of a disease he or she 
does not have. 


EMPLOYMENT 


Potential employers, employees, and society at large have funda- 
mentally different employment priorities. Employers want to hire 
the person who will accomplish a job with optimal reliability, and 
minimal absenteeism, disability, or cost to the company. Employ- 
ers may act with little understanding of, and less concern for, dia- 
betes. The job applicant wants the job. Society wants to minimize 
accidents while practicing fair and nondiscriminatory employment 
practices. 

Job discrimination law balances the needs of the employer 
with those of the employee and society. For example, the employer 
can legitimately take into account whether a person’s disabilities or 
limitations will interfere with specific job performance. Poor vision 
due to diabetes may disqualify a person from a secretarial job just 
as surely as would poor typing skills. Peripheral vascular disease 
with claudication may disqualify a person from a job that requires 
extensive walking. But it is not permissible for an employer to as- 
sume that just because someone has diabetes, he or she has poor vi- 
sion or claudication. Moreover, simply having these complications 
of diabetes does not disqualify a person for a job if, with reason- 
able accommodations, that person can perform the essential func- 
tions of the job. 

Physicians are often asked to evaluate a person for employ- 
ment, acting as the intermediary between the patient, the employer, 
and society. Whether paid by the individual patient or the em- 
ployer, it is necessary to understand what constitutes employment 
discrimination, which areas are most problematic for people with 
diabetes, and what the physician should look for in performing a 
medical evaluation. The first issue, then, is whether the person is 
medically qualified for the job (i.e., whether the diabetes or its 
complications would keep him or her from doing the work safely 
and well). 

Assessment of the ability to do the job is not always as straight- 
forward as it seems, since there is a requirement that employers 
make a “reasonable accommodation.” Checking blood glucose, ac- 
cess to a snack, or taking insulin would generally be considered rea- 
sonable accommodations, easily accomplished at almost any work- 
place. Other less obvious but applicable accommodations could 
include a large-print computer screen for a secretary with retinopa- 
thy, or permitting a cashier with neuropathy to sit while on the job. 
Whatever accommodation is required, it must be provided unless the 
employer can show that doing so would cause undue hardship. 

Safety is often another contentious issue. An employer may re- 
quire that the individual not pose a “direct threat” to his or herself 
or to others in the workplace. The risk of hypoglycemia is fre- 
quently cited, often with the most severe hypoglycemic reactions 
described. But under this standard, an employer is not permitted to 
deny employment opportunity because of a slightly increased risk, 
a speculative risk, or a judgment based on stereotypes about people 
with diabetes. 
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To summarize, in evaluating a person for a given job, that per- 
son must first be deemed medically able to perform the job safely, 
with reasonable accommodations by the employer. In such a case, 
federal law specifically prohibits discrimination. 


Laws Prohibiting Discrimination on the Basis 
of Disability 


The Americans with Disabilities Act of 1990 is the most compre- 
hensive federal law prohibiting discrimination on the basis of dis- 
ability. The goal of the Americans with Disabilities Act is to elimi- 
nate discrimination against persons with disabilities in 
employment, education, and recreation, and to require equal access 
to a broad range of facilities and services. 

The act prohibits employment discrimination by state and local 
governments and by private employers that employ over 15 em- 
ployees. The earlier Rehabilitation Act of 1973 had similar prohibi- 
tions against employment discrimination, but applied only to the 
federal government and employers that either receive federal fund- 
ing or that contract with the federal government. 

Both laws prohibit discrimination in hiring, firing, promotion, 
training, compensation, or any other term or condition of employ- 
ment, and both laws generally use the same standards to determine 
what constitutes unlawful discrimination. The Americans with Dis- 
abilities Act, the federal law, prohibits discrimination against a 
“qualified individual with a disability.” 

However, it is far from clear exactly what is and what is not a 
“disability.” Unless a person with diabetes meets the legal defini- 
tion of having a disability, there is little under federal law to stop a 
employer from refusing to hire a person, or taking other adverse 
employment action against that person simply because he or she 
has diabetes. 

Legally, the term “disability” is defined as follows: 


1. A physical or mental impairment that substantially limits one 
or more of the major life activities of such an individual; 

2. A record of having such an impairment; or 

3. Being regarded as having such an impairment. 


“Major life activities” could include eating, sleeping, working, 
learning, seeing, walking, and many others. To be “substantially” 
limited under the law means to be unable to perform the major life 
activity or to be significantly restricted in its performance when 
compared to the average person. 

Recent Supreme Court decisions have made it more difficult 
for people with diabetes to establish that they are protected under 
antidiscrimination laws. In 1999, the Court ruled that a person must 
be viewed in his or her “mitigated” state, which means taking into 
account the positive and negative effects of any medications or aids 
the person uses. Thus, for a person with insulin-treated diabetes, 
the court must evaluate whether or not the person is disabled when 
taking medications; the need for insulin itself does not amount to a 
disability. 

Dietary requirements may qualify a person with diabetes as 
being covered by the Americans with Disabilities Act. The intrica- 
cies of balancing food and insulin, for instance, may be considered 
a significant restriction when compared with people who do not 
have diabetes. 

Three more important points: First, it is not acceptable for an 
employer to make a class decision (for example, that taking insulin 
does not qualify as a disability). Disability decisions must be the 


result of an individual inquiry, based on up-to-date medical infor- 
mation. Second, the physician’s report should not be the sole basis 
of a disability decision. Other important factors include the indi- 
vidual’s employment history as well as medical history. Finally, it 
is not legal for an employer to base the disability decision on 
whether insurance rates will increase or on the fact that the em- 
ployer does not want to provide reasonable accommodations. 

In addition to the federal laws, each state has its own antidis- 
crimination laws. Some, like those in New York and California, 
provide broader coverage than the federal law, so that people with 
diabetes are unquestionably covered against employment discrimi- 
nation on the basis of having diabetes. 

Another federal law that is often useful to people with dia- 
betes is the Family and Medical Leave Act (FMLA). This law per- 
mits most government workers and employees of private compa- 
nies with over 50 employees to take up to a total of 12 weeks of 
unpaid medical leave each year to deal with their own, or an im- 
mediate family member’s, serious health condition, without losing 
their job. 


The Employment Policy of the American 
Diabetes Association 


The American Diabetes Association has worked hard and effec- 
tively to reduce discrimination against people with diabetes. A po- 
sition was adopted in 1990 (based on a policy formulated in 1984), 
and is consistent with the Americans with Disabilities Act. It pro- 
vides that: “People with diabetes should be individually considered 
for employment based on the requirements of the specific job. Fac- 
tors to be weighed include the individual’s medical condition, 
treatment regime (medical nutrition therapy alone, oral agents, 
and/or insulin) and medical history . . Any person with dia- 
betes, whether insulin-dependent or non-insulin-dependent, should 
be eligible for any employment for which he/she is otherwise qual- 
ified.” 

Thus, the American Diabetes Association’s policy, consistent 
with federal law, opposes any blanket exclusion of an individual 
with diabetes from a particular job or line of work. The diagnosis 
of diabetes should not, per se, make a person ineligible for any job. 
This does not, of course, imply that every person with diabetes is 
qualified for every job, or that physical limitations imposed by dia- 
betes cannot be a factor in determining someone’s ability to per- 
form a job. It simply states that each case must be considered on its 
own merits, on a case-by-case basis. 


Employment Discrimination in Practice 


Despite federal and state laws that should provide protection for 
people with diabetes, discrimination is still pervasive, and may 
begin with unlawful preemployment inquiries. “Do you have dia- 
betes?” for example, is not a permissible interview question. By 
law, the employer is permitted to ask only those questions neces- 
sary to determine the applicant’s eligibility to be considered for 
employment in a particular position. 

An employer’s ability to make disability-related inquiries or 
require medical examinations is analyzed in three stages: preoffer, 
postoffer, and during employment. Prior to an offer of employ- 
ment, an employer cannot require a medical examination or make 
any disability-related inquiries. Once an applicant has been given a 
job offer conditional upon passing a physical examination, an em- 
ployer may make disability-related inquiries and conduct medical 
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examinations, as long as all incoming employees are treated 
equally. After the person becomes employed, an employer may 
make disability-related inquiries and require medical examinations 
only if there is a job-related reason for doing so. 


The Health Professional’s Medical Evaluation 
of a Person for Employment 


The health care professional is best thought of as working on be- 
half of the patient, the employer, and society, reconciling the needs 
and rights of each. The medical evaluation yields only a recom- 
mendation, without the force of law or the authority of a licensing 
agency. We know of no cases in which physicians have been held 
legally liable for the results of a recommendation to hire a person 
with diabetes, so the examining physician need not be excessively 
concerned about his or her own liability. Nor should the positive 
qualities be forgotten, since people with diabetes may as a group 
have many favorable employment characteristics that are well 
worth emphasizing. Disciplined behavior, reliability, a healthy diet, 
and a generally health-conscious lifestyle may translate into above- 
average work habits. 

The possibility of complications occurring at some later time 
should not be used to keep someone out of a job. Complications 
progress at such variable rates that it is medically unsound to as- 
sume, for example, that background retinopathy will progress to vi- 
sual impairment, or that mild neuropathy will become severe. 
Long-term complications are relevant only when, at the time in 
question, they interfere with performance of the job or safety on 
the job. 

Clinical or laboratory evaluation of a patient’s blood glucose 
control as assessed by a given blood glucose or hemoglobin HbA, 
level is not usually relevant to a job evaluation. An exception might 
be that extremely poor control can cause generalized fatigue or the 
need for frequent urination. But mild to moderate hyperglycemia is 
rarely a significant risk to job performance. The immediate risk 
posed by an insulin reaction is usually the primary issue. 

Considering hypoglycemia specifically, adrenergic symptoms, 
or even profuse diaphoresis and tachycardia are also generally of 
little concern if these conditions are reliably self-treated before a 
threat is perceived. But when there is a relatively recent history of 
altered mentation requiring the assistance of another competent 
person, the risk of a threat increases. 


Evaluation of the Job 


Is a particular job suitable for a given person with diabetes? As 
noted, a job should be considered suitable unless the person cannot 
perform the job adequately or will create a direct threat to others. 

In the particular job, would even brief periods of confusion or 
loss of reflexes have serious consequences? In jobs involving driv- 
ing or operating heavy machinery, the person’s likelihood of hav- 
ing a serious hypoglycemic episode must be carefully assessed. 
Given that the past is the most accurate predictor of the future, a 
history of confusion during hypoglycemic reactions may be the 
most important historical point. Various specific regulations (see 
section on driving, below) have been devised to try to codify the 
assessment of risk, and most require a minimum period of freedom 
from severe hypoglycemia. 

Existing complications of diabetes must be considered. For ex- 
ample, microelectronics assembly work may require perfect vision, 
and night watch work may require good night vision. A high level 
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of physical activity may be unsuitable for a person with unstable 
coronary artery disease. Long-distance driving may not be advis- 
able for a person with hypoglycemic unawareness. 

Will a given job adversely affect the person’s health? For in- 
stance, irregular shift work may be detrimental if a person has un- 
stable diabetes and does not practice good self-care. In these cases, 
a physician may advise the patient about what is in their medical 
best interest, although if the person chooses to apply for a given 
job, they cannot be discriminated against solely on the basis of pa- 
ternalistic concern for their own health. 


Problem Areas in Employment 


Historically, the rationale for discriminating against people with di- 
abetes has usually been based on the chance that a severe hypo- 
glycemic incident could create an immediate danger to other peo- 
ple. There has been across-the-board discrimination in jobs that 
require driving, flying, law enforcement, and all positions in the 
military. These blanket prohibitions, however, were created when 
there were fewer and less effective management tools, and severe 
hypoglycemia was a greater risk. Individuals must be carefully 
evaluated by licensing bodies, employers, and physicians asked to 
make an objective risk assessment. 


Trucking 

Regulations of the United States Department of Transportation 
(DOT) presently disqualify anyone with diabetes requiring insulin 
treatment from driving a commercial motor vehicle in interstate or 
foreign commerce. Thus, if a person needs insulin, he or she must 
either leave driving as a profession (or give up the chance to make 
it a profession), avoid taking insulin despite clinical need, or cover 
up the need for insulin. Despite this federal blanket ban, however, 
most states have waiver programs that, under various conditions, 
allow some people with insulin-treated diabetes to drive some 
commercial vehicles within the state. 

In 1998, the DOT was ordered by Congress to consider allow- 
ing certain individuals with insulin-treated diabetes to operate 
commercial motor vehicles interstate. As of this writing, the details 
of any new policy are not clear, but it is possible that by following 
a strict set of guidelines designed to minimize the chance of a seri- 
ous hypoglycemic episode, people treated with insulin may be able 
to obtain a commercial license to drive interstate. 

Opening the door to interstate commercial driving is being ac- 
complished by the concerted efforts of the American Diabetes As- 
sociation and others. As with so many other “test cases,” it can have 
reverberations well beyond the drivers themselves, since many 
government agencies and private companies look to DOT for guid- 
ance in this area. 


Law Enforcement 

Evaluation of the job and the person is especially important 
when considering law enforcement work. Physical demands and 
irregular meal schedules make these jobs difficult. Confusion 
caused by severe hypoglycemia could have serious consequences. 
But none of these factors are absolute contraindications for em- 
ployment in law enforcement, and many people with diabetes have 
performed in an exemplary fashion as law enforcement officers. 

Law enforcement agencies may be under local, county, state, 
or federal jurisdiction. While all are subject to federal antidiscrimi- 
nation laws, both written regulations and actual practices vary 
widely from place to place. Some law enforcement agencies dis- 
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qualify all those taking insulin, some have no written policy but de 
facto exclusion of people with diabetes if the physician who clears 
recruits has a personal bias, and still others have a protocol to indi- 
vidually assess whether a given candidate with diabetes is qualified 
for the job. 

Key federal law enforcement agencies used to automatically 
disqualify anyone with insulin-treated diabetes. As a result of a 
lawsuit against the Department of Treasury, it was forced to aban- 
don its hiring policy of automatic disqualification and now consid- 
ers hiring individuals with insulin-dependent diabetes on a case- 
by-case basis. Similarly, the Federal Bureau of Investigation U.S. 
Marshal's Service, the Bureau of Prisons, the Drug Enforcement 
Administration, and the Immigration and Naturalization Service 
have all been banned from discriminating on the basis of diabetes 
as such. Unfair individual cases of discrimination may still exist, 
but the changes in federal law enforcement policy are an important 
step in removing the unwarranted discrimination often faced by 
people with diabetes. 


Military 

The U.S. armed forces are a major employer, and diabetes still 
makes a person ineligible for employment in the military, regard- 
less of insulin use or not, duration, or status of complications. In 
addition, a new diagnosis of diabetes may well cause termination 
of current employment in the U.S. military. By contrast, in Israel. 
even insulin use does not disqualify a person from active combat 
duty. Appeals can be made to medical boards in the various 
branches of the military, and in at least one test case pursued with 
the army, such an appeal was successful. In general, though, a pre- 
existing diagnosis of diabetes will keep a person out of the military, 
and new onset of diabetes during military service may be cause for 
discharge. 

In evaluating military employees and applicants, physicians 
should bear in mind that the diagnosis of impaired glucose toler- 
ance is not a diagnosis of diabetes'', and should not disqualify a 
person from holding any job. Physicians should also be especially 
mindful of the fact that early termination can seriously affect a per- 
son’s retirement benefits. 


LICENSING ISSUES 


License to Drive 


Driver’s licenses are issued by states, and except with regard to 
commercial drivers licenses, medical standards for licensure are 
established on a state-by-state basis. Laws and regulations may 
therefore vary widely. In every case, though, the physician’s role is 
that of advisor to the state agency, not a guarantor that any given 
patient drives safely. The medical evaluation form in California, for 
example, states “The Department of Motor Vehicles is solely re- 
sponsible for any decision regarding the patient’s driving qualifica- 
tion and license.” It is the health care professional’s job, then, not to 
guarantee that a person is a safe driver, but to consider facts that 
may affect whether or not to recommend that a person should drive 
a motor vehicle. 

The data are few and inconclusive regarding whether, overall, 
people with diabetes have more motor vehicle accidents than oth- 
ers. One study suggested that women with diabetes may have an 
increased accident rate,'? but controversy still exists. Clarke and 
colleagues'*''® suggested that people with diabetes often choose to 


drive when their blood glucose is too low.'® Certainly in aggre- 
gate, the number of accidents caused by medical conditions are 
small compared to those caused by alcohol abuse or negligent 
driving. 

State policies vary widely in their treatment of issuing driver’s 
licenses to diabetics.” An absurd example is that until relatively re- 
cently, the criteria for determining whether a government employee 
who had diabetes could drive on the job in some Maryland counties 
was whether he or she took more than 25 units of insulin per day! 
Routinely, driver’s license applicants are asked directly if they have 
diabetes. If so, a statement from a physician is required. If a person 
with diabetes is involved in an accident, a report is prepared that 
usually indicates that the driver has diabetes, and in some states, 
his or her license is suspended immediately pending a hearing, 
whether or not hypoglycemia caused the accident. 

In considering whether to support a person’s application for a 
driver’s license, the same issues discussed above would apply: 
Does the applicant have severe long-term complications such as 
impaired vision, impaired night vision, severe peripheral neuropa- 
thy, or impairments from cerebrovascular accidents? Do they have 
a history of hypoglycemic unawareness coupled with prior inci- 
dents of severe hypoglycemia? Do they have good self-care prac- 
tices, and a thorough understanding of, ability to anticipate, and the 
means to self-treat hypoglycemia? 

In summary, no state automatically disqualifies people with 
diabetes from obtaining a noncommercial driver’s license. States 
do rely heavily on the treating physician for a recommendation, 
but the physician is not the final arbiter, and a good medical eval- 
uation is not a guarantee of safe driving. States generally have the 
authority to impose conditions or restrictions on the license is- 
sued, such as requiring the driver to submit a medical report on a 
regular basis. 


Other Licenses 


Beyond driver’s licenses, there are a number of other licenses that 
are important to people, and these may be restricted by the diagno- 
sis of diabetes. Intrastate commercial driving such as driving a 
school bus may be restricted by state laws. People with insulin- 
treated diabetes in the past were categorically denied a license to 
fly both commercial or noncommercial airplanes. However, in 
1996, the Federal Aviation Administration (FAA) changed its pol- 
icy to allow people with insulin-treated diabetes who want to fly 
private non-commercial airplanes to be able to do so. The FAA set 
up a protocol for the effective screening, monitoring, and manag- 
ing of pilots with insulin-treated diabetes. 
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CHAPTER 60 


Health Education for Diabetes Self-Management 
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Judith Wylie-Rosett 
Harry Shamoon 


It has long been recognized that persons with diabetes have much 
to learn about self-care, as well as lifestyle changes to adopt and 
maintain, in the ongoing management of this chronic disease.'? 
Traditional models of the educational process, however, do not ad- 
equately address how to teach persons with chronic disease, so that 
when making informed choices they can learn and sustain changes 
in behavior related to health over their lifespan.* Learning for 
lifestyle change is a complex process that requires assessment, co- 
ordinated planning, and individualized implementation, with both 
process and outcome evaluations.’ This chapter addresses health 
education for self-management of diabetes as a more broad topic 
than either patient education or diabetes education. 

We will provide an overview of teaching—learning principles for 
health education, including several behavioral models applicable to 
diabetes self-management. The phases of the education process for 
both individual patients and groups will be examined in the context 
of practice settings, followed by a description of the new revised 
content areas related to diabetes self-management education. Infor- 
mation about practical aspects of creating a diabetes education 
team, educational program structure, and resources for educational 
materials will assist health care professionals to provide access to 
health education for diabetes self-management for their patients. 


APPLYING PRINCIPLES OF TEACHING 
AND LEARNING 


Education: Teaching and Learning 


These three concepts take on special meaning when applied to pa- 
tients with diabetes, their families, and support systems. Teaching 
involves an interaction between two or more persons or systems; 
learning denotes a change in attitude, knowledge, or capability, 
persisting over time (i.e., a change in behavior). The word educa- 
tion generally describes the total process, encompassing the vari- 
ous modes of teaching and the many styles of learning.*-’ A basic 
and tremendously important educational principle is that teaching 
does not necessarily lead to learning. Additionally, knowledge is a 
Necessary component, but knowledge is not sufficient for learning 
and behavior change. For example, a simple demonstration of the 
procedure to test blood glucose does not guarantee that patients 
will understand how to do it or why they should test their blood 
glucose, or that they will consistently perform this behavior. Edu- 


cation is a process requiring assessment, planning, implementa- 
tion, and evaluation for successful outcomes, especially when daily 
diabetes self-management and adoption of lifestyle changes are 
among the goals. 


Cognitive, Affective, and Psychomotor Learning 


Bloom® and others described three major domains of learning: cog- 
nitive, affective, and psychomotor. Briefly stated, the cognitive is the 
domain of information or knowledge; the affective domain can be 
described as the domain of attitude and belief; and the psychomotor 
domain encompasses skill acquisition and performance. Acknowl- 
edging and discriminating among these three domains can remind 
health care professionals of the complexity of the teaching—learning 
process for a chronic disease like diabetes. In the following example 
the utility of considering domains of learning is highlighted. 


A capable 23-year-old man, newly diagnosed with type 1 diabetes, 
must learn to administer insulin to maintain independence. Thus 
information about the need for insulin and the timing of injections, 
as well as the procedures for the drawing up and injection of 
insulin, are part of the cognitive domain. However, the person’s 
attitudinal response (e.g., his fear, negativity, intention to follow 
medical advice) to the recommendation for self-injecting insulin is 
part of the affective domain. The psychomotor domain involves this 
person's physical ability, coordination, and skill in completing the 
process of insulin administration. 


If the educational assessment and planning for this young man 
were based on any one of these three domains and not the others, 
the desired outcome would likely not be achieved or maintained 
over time. The interaction between patient and health professional 
in the health education process emerges as various elements of dia- 
betes self-management skills are assessed. 


Optimizing the Learner’s Experience 


Table 60-1 provides examples of characteristics of adult leam- 
ers®”:'° that may be helpful to clinicians and educators in planning 
health education. Using these principles in practice, for example, 


when there are several topics to be discussed, encourages patients 
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TABLE 60-1. Selected Characteristics of Adult Learners Applied 
to Diabetes Education 


Adults must have a “felt need to know” the information presented: 
Begin with a brief rationale for the content. 

Problem-oriented learning is more acceptable to adults: Frame the 
diabetes education as problems to be solved or challenges to be 
overcome in collaboration with their health professionals. 

Self-directed learning enhances the person's sense of autonomy: Allow 
choices when feasible—in the mode of learning, time spent on specific 
topics, and the order of the information to be addressed. 

Incorporating the person's life experiences will enhance adult 
motivation to leam: Allow time in educational interaction for patients to 
share their past experience or current knowledge of this diabetes care 
topic. 

Learning can be threatening to the learner: Assess for fear as a barrier to 
learning diabetes self-management skills. 

Active participation of the learner is essential for a change in behavior 
to take place: Speaking, reading, writing, demonstrating, or problem- 
solving activities should be incorporated into the educational plan. 


to verbalize what they see as a learning priority. Recent literature on 
teaching and learning strongly emphasizes individualization of the 
process as imperative for learning and sustained behavior changes. 
In many cases the process cannot be rushed, and health profession- 
als have the challenge of planning their time to incorporate these 
principles. 


BEHAVIORAL MODELS RELEVANT 
TO SELF-MANAGEMENT EDUCATION 


Because of the chronicity and complexity of therapeutic regimens 
for diabetes, models to help explain human behavior in coping with 
diabetes can be useful to clinicians in teaching both individuals and 
groups. Models are also used to plan programs or systems for de- 
livery of diabetes care. The following selected behavioral models 
have been considered useful by health care professionals for de- 
signing learning experiences and enhancing adherence to diabetes 
regimens. 


Self-Efficacy 


Self-efficacy is a construct of Social Learning Theory, which posits 
that self-efficacy is predictive of outcome and that persons are 
more likely to perform behaviors if they fee] confident that they are 
able to perform the particular behavior.'' For example, exercise 
self-efficacy has been found to be predictive of weight loss.” In 
practice, instructing a middle-aged man with type 2 diabetes about 
increasing his exercise by walking | mile each day may be effec- 
tive only if he is confident that he can walk that far and can actually 
adopt this change from his current lifestyle. 

A practical application of the self-efficacy construct is for 
health professionals to ask patients, “Do you think you can do this?” 
“How confident are you that you can. . . ?” The query should be 
made specific for each health behavior under consideration. A 
broad, “Can you take care of your diabetes?” may not be helpful for 
diagnosing a behavioral challenge. If a patient replies, “Not at all,” 
“I probably can’t do it,” or “No way!,” then the planning and nego- 


tiation process must continue until the stated goal is feasible and 
mutually acceptable, and the action phase can begin.'*"'* 


Stages of Change 


A more recently developed model for the process of changing be- 
havior is the Stages of Change (or Transtheoretical) Model.'*'* This 
model has been widely studied in persons with addictive behaviors 
such as smoking,"’ and it has been found to be predictive of change 
for some self-care behaviors such as exercise, weight control, and 
mammography screening. The model describes five cyclical stages 
in readiness for behavior change. These stages include: precontem- 
plation, contemplation, preparation, action, and maintenance. 

After assessing for the particular stage, health professionals 
can develop and plan interventions relevant to the patient’s current 
stage of change." For example, if a person who smokes cigarettes 
has not even considered quitting smoking, it is probably prema- 
ture to encourage them to enroll in an action-oriented smoking- 
cessation program. Rather than immediate action, providing infor- 
mation relevant to smoking cessation may be more beneficial at 
this stage. Specific application of these five stages of change to di- 
abetes education and care!® is described in this chapter under the 
assessment phase of the health education process. 


Autonomy and Patient Empowerment 


A model incorporating the construct of autonomy would highlight 
issues related to an individual’s desire to be competent and self- 
determining related to his or her environment, including a chronic 
disease like diabetes. There is some evidence that patients with dia- 
betes who have providers who support their autonomy may have im- 
proved outcomes.' The model of patient empowerment” in health 
education assumes the perspective that persons with a chronic dis- 
ease like diabetes should learn about self-management options, 
so that they can make informed choices about their care and their 
lives. Assisting patients to assume responsibility for diabetes self- 
management is a priority. Success in the patient empowerment 
model is linked to the collaboration between patients and health care 
professionals in formulating the individual’s plan of care. However, 
the responsibility for diabetes self-management behaviors remains 
with the person with diabetes, depending on their developmental 
stage or current health status. 


The Health Belief Model 


The Health Belief Model has been useful in diabetes care and edu- 
cation to elucidate the variables that may have an impact on a pa- 
tient’s adherence to a therapeutic regimen. The perceived threat of 
diabetes (its severity and the patient’s susceptibility to this disease) 
interacts with cues from the environment and a balance of the 
barriers versus the benefits of performing health behaviors.”! For 
example, if an elderly woman with type 2 diabetes is following few 
of the recommended exercise or dietary behaviors, it could be that 
she considers her condition as “only a touch of sugar” and so does 
not consider herself vulnerable to complications of diabetes. The 
Health Belief Model can prompt health care professionals to ex- 
plore possible reasons for nonadherence to recommended regimens 
so that interventions can be altered. In summary, behavioral models 
have been beneficial in guiding diabetes education for interven- 
tions to promote and sustain changes in behavior. 
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THE HEALTH EDUCATION PROCESS 
FOR DIABETES 


The educational process (Fig. 60-1) is cyclical, not necessarily se- 
quential, and it involves at least four phases: assessment, planning 
(goal setting), implementation, and evaluation. The complexity of 
self-management activities for diabetes, especially when optimal 
metabolic control is a priority, necessitates the use of an education 
plan as a road map, a heuristic for both educator and for learner. 


Assessment 


Assessment is the data-gathering phase of the educational process, 
during which individualization of the content and the process for 
teaching is addressed. What to teach? How to teach it? Is the pa- 
tient ready to learn? Is the patient able to make lifestyle changes? 
What are the desired outcomes of this education experience? As- 
sessment takes time and reflective listening by the provider, espe- 
cially when the learner is a new patient for the health care profes- 
sional. Establishing good communication patterns with a patient is 
paramount for optimal diabetes care and for the subsequent educa- 
tional process.’ Listening skills and being able to ask questions 
to elicit information are necessary skills for providers. 

Areas to be explored for a comprehensive assessment include 
current level of understanding of diabetes self-management, fam- 
ily/social support, literacy level, health beliefs and cultural differ- 
ences, past experience with the health care delivery system, coping 
skills and self-efficacy, and current health behaviors, among others. 
Though some health care settings have found paper-and-pencil as- 
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sessment surveys to be efficient ways of collecting information, 
others are developing computer software for assessment. Health 
professionals can also use targeted interview questions to assess a 
patient’s knowledge, motivation, and readiness to learn about spe- 
cific topics. See Table 60-2 for examples. The data derived from 
these and other questions regarding diabetes self-management 
knowledge and skills must be used in moving the process forward 
to the planning phase. 


Planning 


This phase uses the assessment data to develop a collaborative plan 
with the patient for the educational process. For example, informa- 
tion about the patient’s stage of readiness to change behavior can 
help to define the plan. Table 60-3 portrays the Stages of Change 
model'* applied to diabetes as a guide to plan interventions ap- 
propriate for the assessed stage. Using this behavioral model, for 
example, once a patient is assessed as being in the preparation 
stage for changing a particular behavior, specific behavioral guide- 
lines should be given for this planned change in behavior. Other 
assessment data will be used to decide on one-to-one teaching 
sessions or group classes; involvement of family; or appropriate 
printed, video, or computer-assisted educational materials or age- 
related games. Educational sessions may not always be the first 
priority; some patients may need counseling for coping with a new 
diagnosis of diabetes or other life stressors prior to any teaching- 
learning occurring. 

The goal-setting process can be part of the planning phase, as it 
specifies, first, a particular behavior in measurable terms; second, a 


FIGURE 60-1. The process of health education is cyclical and moves through four main activities: assess, plan. 


implement. and evaluate. 


Health Education Process 


ASSESS 


Desired outcomes 


EVALUATE 


*Behavior changes 
*Goal attainment 
Quallty of life 
*Physlologic outcomes 


IMPLEMENT 


*Feedback 


*Readiness to change/learn 
eLearning capabilities 
*Knowledge and skills 


*Teaching-learnlng phase 
Ongoing assessment 
Patient participation 


PLAN 


«Behavioral goal setting 
*Educational materials 
Teaching strategies 
Content organization 
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TABLE 60-2. Targeted Interview Questions 


Weight Loss 

e Why do you believe weight loss is important? Why or why not? 

e Are you ready to try to lose some weight? 

* What would you have to do to begin dieting for a smal] amount of 
weight loss? 


Increasing Routine Exercise 

e In what ways do you think exercise might benefit your diabetes control? 
e Are you prepared to make time for an exercise program? 

* What changes in your lifestyle will exercise require? 


Blood Glucose (BG) Monitoring 

¢ How do you think BG monitoring can be helpful for your diabetes 
control? 

¢ Can you imagine yourself checking your BG at home at least two times 
each day? 

* Are you able to start testing at least once a day this week? 


time frame for attaining the goal; and finally, an appropriate reward 
for achieving the goal. When there is mutual agreement on a spe- 
cific goal, then possible obstacles to achieving the goal are explored 
with the patient, with discussion of strategies to overcome the ob- 
stacles. Goal setting can be useful for specific diabetes management 
behaviors, for example, waiting 20-30 minutes after injecting regu- 
lar insulin to begin eating a meal in order to match insulin action 
with food intake. Goal setting assures that both patient and profes- 
sional have defined a mutually acceptable, reasonable goal, and 
since it is measurable, they will also know when it has been 
achieved. A goal-setting “contract” should be written down, with 
copies for both patient and provider. 
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The following is an example of a typical behavioral, goal- 
setting statement focused on decreasing the risk of hypoglycemia” 
when intensifying therapy in type | or type 2 diabetes to improve 
metabolic control. 


Until my visit next month, I will increase my blood sugar testing to 
four times each day (before each meal and before bed) and will 
record the results to discuss with my doctor, nurse, or dietitian. 


The patient had identified an obstacle to reaching this goal, that 
is, falling asleep while watching TV before testing at night. To 
overcome this obstacle, the patient and provider discussed placing 
the monitoring equipment at the bedside after testing her blood 
glucose before dinner, as a reminder of the need to do another test 
before getting into bed. It is important to define specific behavior 
changes, so that the challenges of the complex diabetes regimen 
can be viewed as realistic mutual goals and incremental change can 
be recognized and rewarded. 

Although behavioral learning objectives for diabetes education 
are well established,” a variety of techniques and strategies should 
be considered in the planning phase. For example, in the Diabetes 
Control and Complications Trial (DCCT),”* the goals for metabolic 
control were standardized, but the blood glucose management and 
nutrition management approaches were individualized within the 
protocols. The planned nutrition approaches included carbohydrate 
counting, the Total Available Glucose (TAG) system, and exchange 
lists for meal planning to optimize metabolic control.” The plan- 
ning phase builds on the assessment phase for individualizing in- 
terventions to meet the needs of diverse populations with materials 
appropriate and sensitive to their cultures.”8 


TABLE 60-3. General Guidelines for Applying Stages of Change to Diabetes Care 


Key Factors Associated 


Stage of Readiness with Movement to Next Stage 


Increased information and awareness, 
emotional acceptance 


Precontemplation 


Increased confidence in one’s ability 
to adopt recommended behaviors 


Contemplation 


Treatment Do’s at This Stage 


Provide personalized information. 
Allow patient to express emotions 
about his or her disease. 


Encourage support networks. Give 
positive feedback about a patient's 
abilities. Help to clarify ambivalence 
about adopting behavior, and 


Treatment Don’ts at This Stage 


Do not assume patient has knowledge or 
expect that providing information will 
automatically lead to behavior change. 

Do not ignore patient’s emotional adjustment 
to the disease, which could override ability 
to process relevant information. 

Do not ignore the potential import of family 
members and others on patient's ability to 
comply. Do not be alarmed by or critical 
of a patient's ambivalence. 


emphasize expected benefits. 


Resolution of ambivalence, firm 
commitment and specific action plan 


Preparation 


Encourage patient to set specific, 
achievable goals (e.g., walk briskly for 
15 min at least 3 times a week). 
Reinforce small changes that patient 


Do not recommend general behavioral 
changes (c.g.. “Get more exercise”). Do 
not refer to small changes as “not good 
enough.” 


may have already achieved. 


Action Behavioral skill taining and social 
support 

materials. 

Maintenance Problem-solving skills and social and 


environmental support 


Refer to education program for self- 
management skills. Provide self-help 


Encourage patient to anticipate and plan for 
potential difficulties (e.g., maintaining 
dietary changes on vacation). Collect 
information about local resources (e.g., 


Do not refer patients to “information-only” 
classes. 


Do not assume that initial action means 
permanent change. Do not be 
discouraged or judgmental about a lapse 
or relapse. 


support groups, shopping guides). 
Encourage patient to “recycle” if he or 
she has a lapse or relapse. 


Source: Reprinted with permission from Curry SJ: Commentary on In Search of How People Change. Diabetes Spectrum 1993:6:34, 
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Implementation 


The action phase of the educational process is when the individual- 
ized teaching plan is implemented. Some well-known challenges 
or barriers to implementation of the educational plan include: 


e Lack of clarity about who will do the teaching. 

e Lack of communication/documentation related to progress. 

¢ Lack of time or priority assigned to the teaching—learning 
process by either educator or patient. 


Strategies to enhance the patient’s learning process incorporate 
many principles of adult education previously described.’~'° Active 
participation for the patient, incorporation of their life experiences, 
and allowing mastery of one topic before moving on to the next are 
examples of educational strategies in the implementation phase.’ 


Evaluation 


Health education for diabetes self-management must focus on both 
process and outcome evaluations.”® A process (or formative) evalu- 
ation is an ongoing assessment to provide valuable information for 
refining or altering the educational intervention. Patient attitudes, 
behaviors, knowledge, and skills should be evaluated to make ad- 
justments in either the content or the teaching strategy. When barri- 
ers to achieving the educational goals are identified early, the edu- 
cational program can be modified to overcome the barriers. The 
results of process evaluations should be shared; receiving timely 
feedback on individual progress is important to adult learners. 
Process evaluations for group education programs should be shared 
with all members of the diabetes education team, so that program 
improvements can be implemented by all educators. 

An outcome (or summative) evaluation assesses goals attained 
or appropriate endpoints. These may include physiologic param- 
eters, such as weight or metabolic control, as well as self- 
management skills, self-efficacy, coping skills, and knowledge.*°?! 
If goal setting has been used in the process, the endpoint has al- 
ready been agreed upon by patient and health professional. When 
goals have not been met, the educational process cycles back to the 
assessment phase. 

Ongoing evaluation of diabetes self-management skills and 
knowledge is very important. Patients may remember the utility in- 
formation, for example, how to correctly draw up insulin, but they 
may forget the particulars of other, less frequently used informa- 
tion, for example, urine testing for ketones when ill. Reinforcement 
of information or redemonstration of self-care skills may be (and 
probably are) needed. Finally, the evaluation process in health edu- 
cation should recognize and provide positive reinforcement for 
even the seemingly small, incremental changes in behavior to pro- 
mote long-term success.” 


Documentation and Communication 


The educational process should be continuous rather than episodic; 
it is simply a matter of the intensity of the process. This continuity 
of the process is supported when the education is documented and 
shared with all health care professionals interacting with the patient. 
When used consistently, computer records, chart forms, or check- 
lists designed to easily document diabetes self-management educa- 
tion for individual patients can orient health professionals to the 
patient’s progress in knowledge and skill for self-management.°”° 
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Current level of motivation for self-management and specific health 
behaviors must also be documented to fully describe the education 
process. 


CREATING A TEAM: EDUCATIONAL RESOURCES 
AND PROGRAM DEVELOPMENT 


Content of Diabetes Self-Management 
Education 


The goals and content of health education for diabetes self- 
management must be adapted to individual patient needs. Goals for 
diabetes education” can be described in two broad levels: initial or 
survival level education, and in-depth or continuing education and 
counseling. These broad levels are then delineated for type | dia- 
betes, type 2 diabetes, and both gestational diabetes and pregnancy 
with preexisting diabetes. The initial educational goals are de- 
signed to address the most basic skills and knowledge needed to 
cope with newly diagnosed diabetes without a medical crisis. The 
continuing education goals are gradually introduced after the basic 
survival goals are achieved. 

According to the recently revised national standards for dia- 
betes self-management education programs, there are 10 content 
areas for consideration in educational program planning and for in- 
dividualized education.” These include: 


¢ Describing the diabetes disease process and treatment options 

¢ Incorporating appropriate nutritional management 

¢ Incorporating physical activity into lifestyle 

e Utilizing medications (if applicable) for therapeutic effective- 
ness 

e Monitoring blood glucose and urine ketones (when appropri- 
ate), and using the results to improve control 

e Preventing, detecting. and treating acute complications 

e Prevention (through risk reduction behavior), detecting, and 
treating chronic complications 

* Goal setting to promote health, and problem solving for daily 
living 

¢ Integrating psychosocial adjustment into daily life 

* Promoting preconception care, management during preg- 
nancy, and gestational diabetes management (if applicable)” 


Beyond the more traditional diabetes education programs, sev- 
eral new behaviorally oriented programs have been developed and 
continue to be studied, with promising results. Among these are 
Blood Glucose Awareness Training, ™” coping skills training for 
diabetes," and a patient empowerment program for those who 
have had basic self-management education.”° 


Structure for Education Programs 


Patient education can be provided through on-site services in 
health care facilities and medical offices or through external refer- 
ral to health professional educators for specific services. The struc- 
ture of the educational experience can vary widely within each 
model. Both models can be used to achieve educational goals for 
patients in a coordinated manner.” 

Communication between the health care providers, the educa- 
tors, and the patient must be maintained so a team approach to the 
education and care is not lost. The strength of a team approach, 
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whatever the model, is that multiple perspectives are drawn on to 
provide the education. But the challenge to the team is in delivering 
a consistent message to patients. Consistency is more likely to 
occur if providers and educators are familiar with the educational 
materials in use in their settings. If differences in opinion occur be- 
tween the health care professionals (e.g., site selection for insulin 
injections or amount of carbohydrate to treat mild hypoglycemia), 
then they should resolve differences rather than confuse patients. 
Good verbal and written communication are the key to creating a 
health care team, whether or not the physical location is the same. 

Data from the 1990 National Institutes of Health physician sur- 
vey indicate that endocrinologists referred the vast majority of pa- 
tients with diabetes to a nurse or dietitian. Over 80% reported that 
a formal diabetes education program was necessary for diabetes 
self-management. Only 41% felt that they could provide adequate 
dietary counseling for their patients with diabetes.” Glasgow and 
colleagues™ suggested that active recruitment of patients into in- 
tensive education programs may not be a successful strategy for 
providing diabetes education, and they proposed incorporating dia- 
betes self-management education into the medical office setting. 
Consideration of health education as a process may emphasize the 
need for careful planning to achieve a quality educational program 
in the office setting. Perceived sources of information about dia- 
betes were reported by individuals over 18 years of age, as seen in 
Table 60-4. The largest proportion perceived their physicians as a 
source of information about diabetes.” 

Attempting to link education program targets (goals) and the 
interventions to meet those targets is an important example of the 
assessment and planning phases in a continuum. Peyrot” portrays 
some of these potential linkages in Table 60-5, based on various 
studies in health education. This provides a basis for planning in- 
terventions; however, definitive associations of interventions with 
targets has rarely been accomplished in the complexity of educa- 
tional research. 


Assessment of Needs and Resources 


The health care delivery setting and health care financing can play 
major roles in decisions regarding whether diabetes education will 
be on-site or by external referral. Health professionals who may be 


TABLE 60-4. Sources of Information about Diabetes Reported 
by Diabetic Individuals = 18 Years of Age 


Source Patients (%) 
Any source 97.1 
Physician in physician's office 86.3 
Nurse in physician’s office 17.8 
Dietitian or nutritionist 28.0 
Physician or nurse in a hospital 25.2 
Relative or friend 14.0 
Another person with diabetes 10.1 
Diabetes education class 12.2 
Diabetes organization 12.2 
Newspaper 11.6 
Library 5.3 
Diabetes support group 4.4 
Health department 2.9 
Other 15.1 


Sources were options listed for the question, “Where have you obtained information 
about diabetes?” 


Source: Reprinted from Coonrod et al.” 


TABLE 60-5. Linkage of Education Targets and Interventions 


Target Intervention 


Knowledge, beliefs Didactic education: Increasing awareness of 
risks and benefits; helping patients know how to 


make appropriate self-care decisions. 


Skill Demonstration/feedback: Showing how to 
execute skills; observing performance, correcting 
errors. 

Intentions Goal setting: Establishing specific and appropri- 


ate goals that are ambitious but realistic; behav- 
ioral contracting to increase commitment. 
Problem solving: Helping patients find ways to 
overcome barriers to implementing intentions. 
Support/counseling: Helping patients maintain 
positive emotional well-being. 


Barriers 


Self-efficacy, burnout 


Source: Reprinted with permission from Peyrot.”* 


involved in patient education include nurses, dietitians, physicians, 
social workers, psychologists, pharmacists, or exercise physiolo- 
gists, among others. Hospitals and other larger institutions are more 
likely to have a wider range of disciplines and educational re- 
sources available. However, as the size of the institution increases, 
the task of coordinating the patient education effort may become 
more complex. 

Third-party reimbursement for patient education varies by 
state and type of insurance, adding to both health professional and 
patient confusion." In some regions, diabetes education or “self- 
management skills training” that is linked to medical care may not 
be billable as a separate service. In other instances, when education 
is provided in a nonhospital setting, the coverage may be limited or 
nonexistent. Coverage inconsistencies have led to efforts at the 
state and national level to mandate coverage for diabetes education 
and supplies, and by 2000 the majority of states had passed such 
legislation with varying results. These laws should assist patients 
seeking coverage for specific diabetes supplies and education by a 
provider of a quality diabetes self-management education program 
or service. 


On-Site Education 


Selecting the on-site (clinic, medical practice) education option in- 
volves a number of organizational decisions, including how educa- 
tional services will be financed, the role and scope of practice of 
the educator, and the logistics of program planning. The diabetes 
education staff may be employed by the health care facility or pro- 
vide educational programs and consultations on a fee-for-service 
basis. Smaller medical practices may find the consultative option 
more fiscally viable. Group practices, especially those specializing 
in diabetes, are more likely to find employing a full- or part-time 
diabetes educator feasible. 

When diabetes education is provided on site, the medical group 
must consider many factors, such as mutually agreeable financial 
arrangements for the fee-for-service arrangement. Having a written 
contract often clarifies fee schedules that may be ambiguous. When 
diabetes education is offered on an on-site basis, there may still be 
a need for external consultation for patients with special needs. For 
example, many practices may be unable to include an exercise 
physiologist as part of the diabetes education and care team, but 
some patients with diabetes will need an external referral for such 
education. Patients with complications (e.g., visual impairment) 
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are also likely to need specialized educational services or social 
services. Communication and documentation of the educational 
process may be somewhat easier in the on-site model, as documen- 
tation can be placed in the patient’s record immediately and various 
members of the diabetes care team (e.g., physician, nurse, dietitian) 
can collaborate with greater ease. 


Referral for Education 


Referring patients for diabetes education that is outside the med- 
ical practice setting is well suited to the needs of many medical 
practices providing care to patients with diabetes. The medical 
practice would not have to be organized to provide additional ser- 
vices requiring physical space and expansion of staff on site. The 
external referral model provides a wide range of options that vary 
from hospital-based programs to diabetes educators in private 
practice with a variety of backgrounds and expertise (e.g., nursing, 
nutrition, counseling). Hospitals may have freestanding units de- 
voted to outpatient education, whereas other programs are located 
within the hospital complex. Much thought must be given, how- 
ever, to assessing the quality of the educational services, as well as 
to the methods for receiving feedback about patient progress to en- 
hance continuity of care. Educational services provided by referral 
must be thought of as a necessary extension of the diabetes team, 
and sharing records of these services will enhance continuity of 
care for patients. 


Individual versus Group Education 


Programs may be offered as group classes, individual consultation, 
or a combination of both. In one-on-one consultation, the identified 
needs of an individual patient can be addressed more easily than in 
a group setting. The patient’s knowledge, skills, and beliefs can be 
assessed, and families and significant others can be included when 
beneficial. The content and time allotted to individual topics can be 
adjusted to needs. The evaluation can be by return demonstration 
of skills or discussion of topics. 

Group learning, on the other hand, provides support and a 
shared learning experience.*” Support groups usually focus more on 
emotional issues, whereas topical classes are more likely to address 
skills and knowledge. However, group education programs can be 
designed to address both areas. The patient mix in group programs 
needs to be considered, though there is in reality often not a choice. 
Patients newly diagnosed with diabetes may be overwhelmed if 
they are in a group with other patients who have advanced compli- 
cations. When the treatment priorities differ greatly in a group, pa- 
tients may feel isolated and confused rather than sharing a common 
bond. An adolescent who is facing difficulty adjusting to diabetes 
may feel little in common with older adults who may focus on cop- 
ing with chronic complications. Overweight patients may focus on 
hypoglycemia rather than weight management, even when they are 
on dietary therapy alone. However, group classes are a vehicle for 
the peer support sought by many patients.*! 


ASSESSING QUALITY DIABETES 
EDUCATION PROGRAMS 


New national standards for diabetes self-management education 
programs have been developed.” These standards have been used to 
establish criteria to evaluate the quality of formal diabetes education 
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programs for recognition by the American Diabetes Association 
(ADA). This recognition process involves a comprehensive written 
application, which is then peer-reviewed, to document that a pro- 
gram and institution comply with the standards. The following areas 
are included: needs assessment, planning, program management, 
communication/coordination, patient access, content/curriculum, 
educator qualifications, follow-up, and evaluation and documen- 
tation, among others. As of 2000, there were over 1000 diabetes 
education programs recognized by the ADA as meeting the na- 
tional standards. Recognition is currently granted for a 3-year pe- 
riod. Requirements for renewal include an update of the application 
and documentation of staff participation in continuing education 
related to the diabetes education content areas or of a diabetes edu- 
cator who maintains credentials as a certified diabetes educator 
(CDE). Other agencies besides the American Diabetes Association 
may soon also be authorized providers of recognition for diabetes 
self-management education. 

Many practice settings, especially solo or small group prac- 
tices, may find that referral to a quality diabetes education program 
is not feasible owing to location and other factors. However, there 
are other options available to assure that patients have access to di- 
abetes self-management education. In such settings, patient educa- 
tion can be included with diabetes office visits. Careful planning 
for appropriate length of patient visits and educational resources, 
both print materials and audiovisuals, is necessary. Also, referral to 
outside qualified diabetes educators may be possible. An educa- 
tional needs assessment can facilitate decision making regarding 
inclusion of education within a practice setting or planning for out- 
side referral. The criteria used in the assessment should be based 
on needs of the patient, qualifications of the educator, the educa- 
tional goals and techniques used, and systems for follow-up and 
communication about patient progress. 


Qualifications and Scope of Practice 
for Diabetes Educators 


The complex education and counseling needs of a patient with dia- 
betes may be met by the skills of a variety of health care disci- 
plines. Generally, diabetes educators are nurses and dietitians, but 
health education is also provided by physicians, pharmacists, so- 
cial workers, psychologists, and podiatrists, among others. The cre- 
dentials of any diabetes educator must be assessed on knowledge 
and experience in diabetes education, as well as discipline-specific 
qualifications. The certification program of the National Certifica- 
tion Board for Diabetes Educators assures that candidates are qual- 
ified to be certified diabetes educators (CDEs) by virtue of passing 
a certification examination, completion of at least 2000 hours of 
clinical experience in diabetes education, and having credentials in 
one of the clinical disciplines described previously or a master’s 
degree in a health-related field. Recertification is required for 
CDEs every 5 years by retesting with the certification examination. 
In 2000, CDEs in the United States numbered over 10,000 health 
care professionals. 

Factors that determine a diabetes educator’s scope of practice 
include licensure and discipline-specific practice, individual knowl- 
edge and skills, liability concerns. and practice setting.” Registered 
nurses (RNs) include those prepared by 2- and 3-year nursing pro- 
grams and by university-based 4-year degree programs. There are 
also master’s-prepared advanced practice nurses (clinical nurse spe- 
cialists and nurse practitioners). A registered dietitian (RD) has a 
bachelor’s or master’s degree with course requirements in biochem- 
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istry, physiology, foods, nutrition, and psychology. Registration for 
dietitians is regulated by the Commission of Dietetic Registration 
of the American Dietetic Association and is on a voluntary basis. A 
growing number of states have licensure for dietitians, generally 
based on the criteria used for dietetic registration. Medical nutrition 
therapy for diabetes should be sought from RDs specializing in dia- 
betes nutritional management. 

Although the number of independent diabetes education prac- 
tices have increased, educators’ concerns about inclusion in third- 
party reimbursement, scope of practice, and liability tend to limit 
the number. Dietitians may be more likely to have independent 
practices, but many are not certified diabetes educators. 

CDEs will vary in type and level of expertise. For example, 
some CDEs will be very familiar with insulin infusion pump 
therapy and adjustment of therapy to achieve metabolic control, 
whereas others may have more experience in teaching the visually 
impaired or in coordinating a hospital-wide inpatient program. 
Expertise in weight control techniques and behavioral interven- 
tions can also vary widely. An interview with a diabetes educator 
is beneficial to ascertain specific areas of expertise and philosophy 
of practice. 


Education Program Materials 


A program assessment must include assessing the needs of the tar- 
get patient population for diabetes educational materials. The Na- 
tional Diabetes Information Clearinghouse maintains a directory of 
diabetes educational materials that are available from a variety of 
sources. A directory of patient education materials is also pub- 
lished by the National Diabetes Education Program (NDEP), the 
American Diabetes Association, and the University of Michigan 
Diabetes Research and Training Center, as well as by The Joslin 
Diabetes Center in Boston or The International Diabetes Center in 
Minneapolis. 

The assessment of need for educational materials should ad- 
dress the following questions: 


1. What are the educational needs of the target patient popula- 
tion? Programs designed for the elderly,“ for children, **“¢ 
for adolescents, *”, or for disadvantaged populations have dif- 
ferent content, as well as presentation, tone, and format. 

2. Is the information contained in the material accurate, up-to- 
date, and motivating in tone? Consider the actions a patient 
may take based on the message. Minor misinterpretations may 
not pose difficulty, but other errors could have greater impact 
and result in increased risks for patients. 

3. Is the presentation appealing and acceptable to the target pop- 
ulation? Patients may find the layout and format unappealing. 
Some material may be unsuitable because it fails to consider 
how culture influences lifestyle. Other material may appear to 
be judgmental or condescending. Sources for appropriate ma- 
terials are available.** 

4. Is the information presented in a clear, concise manner? Many 
materials provide too much information and may be over- 
whelming, whereas other materials may include more than one 
interpretation. 

5. Is the material practical and feasible to use? Materials must be 
incorporated into the flow of the educational or medical pro- 
gram. For example, having educational videotapes available 
may not be feasible if no one is available to load or rewind 
the tapes. 


6. Is there a disparity in the targets for patient education materi- 
als, such that some populations in need are not addressed? 


HEALTH EDUCATION FOR DIABETES 
SELF-MANAGEMENT: PRESENT AND FUTURE 


The challenges of living well with complex diabetes regimens have 
directed patient teaching toward the more comprehensive health 
education process for diabetes self-management that is prevalent 
today. Recognizing that provider teaching does not necessarily 
equal patient learning or a change in behavior has been an impor- 
tant step. 

After the success of the DCCT,”° the importance of the team 
approach to diabetes care, education, and counseling has been 
widely discussed. However, the practicalities of delivering a team 
approach had to be worked through and resolved. Still, behavioral 
strategies place the patient in the center of the team: assisting pa- 
tients to develop problem-solving skills; encouraging increased 
communication during office visits,” through recordkeeping, and 
by telephone; and providing a forum for mutual goal setting be- 
tween patient and provider. Although the diabetes care team need 
not be in one physical location, the delivery of integrated diabetes 
care through good communication among the medical, nursing, nu- 
trition, behavioral, and other educational services is the important 
feature.'? The cyclical process (assess, plan, implement, evaluate) 
of diabetes self-management education may seem unrealistic for a 
busy practicing physician; however, the emerging educational tech- 
nologies, innovative educational materials, and models for creating 
a team provide opportunities for diabetes patients and their health 
care professionals to work together toward optimal glycemic con- 
trol and improved quality of life. 
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A-box elements, in insulin gene transcription regulation, 30-31, 30f 
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AA messenger system. See Arachidonic acid messenger system 
Aarhus studies, 912r, 914 
AAV. See Adeno-associated virus 
ABC proteins. See ATP-binding cassette (ABC) proteins 
Abdominal pain 

acarbose/miglitol therapy and, 546 

in hyperglycemic hyperosmolar syndrome, 596r 
ABPM. See Ambulatory blood pressure monitoring 
Acanthosis nigricans 

hypoglycemia and, 966 

with insulin resistance, 267, 347, 355, 392-393, 897-898, 898/ 
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for alimentary and reactive hypoglycemia, 971 

clinical use and efficacy of, 544, 544f 

in combination therapy, 544 
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diabetic nephropathy and, 545, 739 

dosage recommendations and, 545 

drug interactions and, 546 
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pharmacokinetics of, 543-544 
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in reactive hypoglycemia, 545 

side effects of, 545-546 

in type | diabetes, 544 

weight loss and, 545 
Accelerated starvation, in pregnancy, 621 
ACE gene, polymorphism in, diabetic retinopathy and, 705 
ACE inhibitors. See Angiotensin-converting enzyme inhibitors 
Acesulfame K, in nutritional management, 440, 440r 
Acetoacetate, enzymatic pathway for production of, 18-20, 18f 
Acetoacetyl CoA thiolase, in fatty acid metabolism, 18 
Acetohexamide, 531, 532r 

clinical use/efficacy of, 533 

pharmacokinetics of, 533r 
Acetone, in diabetic ketoacidosis, 578-579 
Acetyl CoA, in ketogenesis, 18, 18f 19, 20, 21f 
Acetyl LDL receptor, 167 
Acetylcholine, in insulin release, 497, 50 
ACh. See Acetylcholine 
Acid-base disorders, in diabetic ketoacidosis, 575, 576. 576t 

therapy and, 581-582 
Acidosis, metabolic 

in diabetic ketoacidosis, 576, 582 

in hyperglycemic hyperosmolar syndrome. 587, 590 
Acinar cells. conversion of to endocrine tissue for transplantation, 

943-944 

Acomys cahirinus (spiny mice), diabesity in, 246-247 
Acquired perforating dermatosis. 903-904, 903f 


Acquired (metabolic/hnemodynamic) theory. of diabetic nephropathy, 
702-704, 725-726, 725t, 726f, 727-728, 727f 
Acromegaly, glucose intolerance/diabetes associated with, 267, 426 
ACTH. hypoglycemia recovery and, 132 
Activities of daily living (ADL), assessment of in older patient with 
diabetes, 418 
Activity. See Exercise/physical activity 
Actos. See Pioglitazone 
Acute coronary syndromes, 833 
Acute illnesses 
nutritional management and, 446-447 
in older diabetic, 422 
Acute insulin response (AIR) 
to glucose, 531, 54-55, 55f 
in type 2 diabetes. 333, 334f 336f 
to nonglucose stimuli, 531, 55-56 
in type 2 diabetes, 334, 336f 
Acyl CoA 
camitine, in alloxan- and STZ-treated animals, 234 
long-chain 
in insulin release, 48 
molecular studies of, 201, 206-207 
in insulin resistance, 407 
Acylation stimulating protein (ASP), in insulin resistance, 407 
ADA. See American Diabetes Association 
Adaptive immunity, 219. 220f 
Adeno-associated virus (AAV), as gene transfer vector, 198-199 
Adenovirus, recombinant. as gene transfer vector, 198, 199f 
Adhesion molecules, in atherosclerotic fatty streak formation, 166 
Adipocytes, hormones secreting, insulin resistance in obesity and, 407, 408f 
Adipose tissue 
distribution of 
insulin resistance and, 379-380. 391 
in type 2 diabetes. 402 
in fat metabolism 
in fasted state, 3. 5f 6f 
in fed state, 4, 5f 
in glucose metabolism, 3, 3f 
insulin action in, exercise/physical activity affecting, 474 
in ketogenesis. liver and, 16-17 
thiazolidinediones affecting. 549-550, 550f 
“Adipose-tissue homunculus.” 154 
Adiposity. See also Body weight 
food intake regulation and, 154-159 
circulating (adiposity) signals and, 154-156, 155f, 156f 158-159, 159f 
in offspring of diabetic mothers, 623, 641, 642, 646 
Adiposity signals, 154-156, 155f, 156f 
insulin as, 155-156, 155f 
interaction with signals controlling meal size and, 158-159, 159f 
leptin as, 156, 156f 
Adipsin (factor D), in insulin resistance, 407 
ADL. See Activities of daily living 
Adolescents. See also Children 
type 1 diabetes in 
developmental and family issues and. 566r, 568-569 
intensive therapy and. 918 
nutritional management and, 445 
type 2 diabetes in. 287. 287f 
nutritional management and, 445-446 
obesity and, 409-410 
Adrenal hyporesponsiveness. hypoglycemia and. 966, 968-969 
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Adrenergic hormone postprandial syndrome, 964 Aldose reductase 
Ba-Adrenergic receptor agonists, for type 2 diabetes mellitus, 954 in hyperglycemia-induced microvascular disease, 183-185, 185f 
Adrenergic stimulation. See also Catecholamines nephropathy and, 711 
exercise-induced muscle glucose uptake and, 461 neuropathy and, 752, 752-755, 753f 
Adrenergic symptoms, in hypoglycemia, 525, 959 retinopathy and, 670 
Adult diabetic, in WHO classification scheme, 269 superoxide overproduction and, 189-190, 190f 
Adult learning, characteristics of, health education for diabetes self- inhibition of. See Aldose reductase inhibitors 
management and, 983-984, 984r Aldose reductase inhibitors, 191, 956 
Adult-onset diabetes mellitus (AODM). See Type 2 diabetes mellitus for cardiovascular autonomic neuropathy, 793 
Advanced glycation end-products (AGEs) for microvascular disease, 191 
formation of, 185-186, 186f neuropathy and, 752 
inhibition of, 956 oxidative stress reduction and, 758 
limited joint mobility and, 898-899 retinopathy and, 670 
receptors for, 186-187 Aldosterone 
blocking, 956 deficient secretion of, in diabetic nephropathy, 731-732, 731f 
skin changes and, 895 metabolic acidosis and, 732 
vascular disease in diabetes and, 170, 171, 185-187, 186f, 847 insulin secretion/action affected by, 429r 
cerebrovascular disease/stroke and, 848 Aldosteronism, glucose intolerance in, 428-429 
gene expression changes and, 186-187 Alimentary hypoglycemia, 963-964, 966, 968 
intracellular protein function alterations and, 186 management of, 971 
management with AGE inhibitors and, 191-192 Alitame, in nutritional management, 4407 
matrix-matrix/matrix-cell interactions and, 186 Alkalosis, metabolic, in diabetic ketoacidosis, 576 
nephropathy and, 710-711, 727, 727f Allergic skin reactions, to insulin injection, 904 
retinopathy and, 653-655 Alloxan, beta cell loss/dysfunction caused by, 59, 318 
superoxide overproduction and, 190, 190f 847 animal model of, 231-232, 232f 
AER. See Albumin excretion rate endocrine derangements in, 234 
Affective learning, in health education for diabetes self-management, 983 glucose metabolism in, 233 
Age/aging, in diabetes, 415-424 insulin receptor derangement in, 234 
carbohydrate metabolism changes and, 416-417, 416f 417¢ lipid metabolism in, 234 
classification/definition and, 415 metabolic and endocrine changes in, 233-234 
comprehensive assessment and, 417-419, 418r protein metabolism in, 233-234 
diabetic retinopathy prevalence and incidence and, 416, 416r, 674, 675 Alpha adrenergic innervation, overactivity of, in type 2 diabetes, 
epidemiology and, 415-416, 416f 416r 337-338 
initial presentation and, 417 Alpha-blockers, for hypertension in diabetes, 817 
therapy approaches and, 419-422, 420f 421: Alpha cells (A cells/a cells), 43 
type | diabetes prevalence and incidence and, 281, 281f glucagon synthesis/secretion by, 98-100, 99f 100 1007 
type 2 diabetes prevalence and incidence and, 288, 288f in type 2 diabetes, 336 
AGE inhibitors, for microvascular disease, 191-192 PC2 expressed by, 26 
AGE-RAGE interactions, inhibition of, 956 preproglucagon/proglucagon synthesis by, 89, 97, 98f 
AGEs. See Advanced glycation end-products tumor of. See Glucagonoma 
AIRg, 53r, 54-55, 55f Alpha-glycerophosphate, in fat metabolism, 4, 5f 
Airlie House classification, for diabetic retinopathy, 669 ALT 
AIR max 934, 55, 55f acarbose/miglitol therapy affecting, 546 
in type 2 diabetes, 334, 336f thiazolidinedione therapy affecting, 552, 553 
AIRng, 53r, 55-56, 55f Alzheimer’s disease, assessment of in older patient with diabetes, 418 
Airway tone, reduced, in autonomic neuropathy, 801 Amadori-glycated albumin, diabetic nephropathy and, 710-711 
Akt, in insulin mechanism of action, 72 Amaryl. See Glimepiride 
glucose transport and, 73 Ambulatory blood pressure monitoring, 815-816 
Alanine, in fuel metabolism Ambulatory (day/outpatient) surgery, 613, 616 
in postabsorptive state, 6 American Diabetes Association 
in starvation, 8 classification/diagnostic criteria for diabetes of, report of Expert 
Albumin, Amadori-glycated, diabetic nephropathy and, 710-711 Committee on (1997), 270-271, 270r, 271f 
Albumin excretion rate (AER) employment policy of, 978 
in diabetic nephropathy, 729, 7291, 730f nutrition guidelines of, 437. See also Nutritional management 
pathologic changes and, 698 Americans with Disabilities Act of 1990, 978 
structural-functional relationships and, 700-701, 701f Amino acids 
gene effect for, 705 deficiency of, in glucagonoma, 430 
Albuminuria, antihypertensive therapy affecting, 733, 734f GIP secretion and, 86 
Alcohol consumption glucagon secretion and, 100 
diabetic retinopathy development/severity and, 680 insulin release and, 49, 49r 
in hypertension management, 816-817, 816f metabolism of 
hypoglycemia and, 961, 964 in fasted (postabsorptive) state, 6 
management of, 971 in fed state, 4 
in nutritional management, 443 Aminoguanidine, for microvascular disease, 191-192 
sulfonylurea drug interactions and, 537 retinopathy and, 670 


type 2 diabetes incidence and, 291, 443 Amitriptyline, for painful diabetic neuropathy, 785, 785r 
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Amlodipine, for hypertension in diabetes, 818 
Amputation, lower extremity, for diabetic foot/skin ulcers, 849, 859, 895, 
896 
prevention of, 859. See also Limb salvage 
Amylase 
in diabetic ketoacidosis, 578, 890 
in hyperglycemic hyperosmolar syndrome, 591, 596r, 598 
synthesis/secretion of, in fa/fa (Zucker/lepr™) rats, 242 
Amylin. See Islet amyloid polypeptide 
Amyloidosis/amyloid deposits. See also Islet amyloid polypeptide 
in type 2 diabetes, 259-261 
frequency of, 259 
nature and pathogenesis of, 260-261, 260f 261f 
pathogenic importance of, 260 
structure and topography of, 259-260, 259f, 260f 
AN. See Acanthosis nigricans 
Anabolic effector systems, in weight/food intake regulation, 156-157 
lateral hypothalamic area (LHA) and, 157 
Anabolism, facilitated, in pregnancy, 621-622 
Anderson's syndrome, hypoglycemia caused by, 962 
Anemia 
acarbose/miglitol therapy and, 546 
in hyperglycemic hyperosmolar syndrome, 596r 
megaloblastic, metformin therapy and, 542 
Anesthesia, metabolic effects of, 611 
Angina. See also Coronary heart (coronary artery) disease 
after coronary artery bypass grafting, 828 
percutaneous transluminal coronary angioplasty and, 829 
unstable (acute coronary syndrome), 833 
Angiogenic growth factors. in diabetic retinopathy, inhibition of, 956 
Angiography, for lower extremity vascular disease evaluation, 852 
Angiotensin-converting enzyme inhibitors (ACE inhibitors) 
for acute MI, 832 
cardiovascular autonomic neuropathy development/severity and, 793 
for coronary heart disease, 827 
diabetic nephropathy development/severity and. 704, 728, 736, 736f, 
737 
hyperkalemia and, 732 
for heart failure, 836 
for hypertension, 818f 819 
angiotensin II receptor blockers compared with, 819-820, 820f 
PAI-1 activity affected by, 178 
type 2 diabetes prevention and, 293 
Angiotensin II 
in diabetic nephropathy, 708, 727f, 728, 731f, 732 
PAI-1 affected by, thrombosis and, 177 
Angiotensin II receptor blockers 
diabetic nephropathy affected by, 736-737, 736f 
for hypertension in diabetes, 819-820, 820f 
ACE inhibitors compared with, 819-820 
Angiotensin receptor polymorphism, diabetic retinopathy and, 705 
Anhidrosis 
foot injury and, 862, 862f 
in sudomotor dysfunction, 773, 801 
Animal models, 231-255, 231r, 249f. See also specific model 
of autoimmune/insulin dependent disease, 224—226, 2311, 235-238, 237r 
of beta cell cytotoxins, 231-233, 2314 
metabolic and endocrine changes and, 233-234 
of diabetic cardiomyopathy, 836 
of diabetic neuropathy, 750-762, 750r 
dogs and cats, 248-249 
genetically altered (transgenic/gene-disrupted) animals, 2317, 238-244 
insulin-resistant rodents with diabesity, 2311, 238-240, 239r 
insulin-resistant rodents with sustained insulin secretion, 240-244 
nonrodent models, 2311, 247-249 
obese-hyperglycemic rats, 243 


of overnutrition-evoked insulin resistance and diabesity, 2311, 245-247 
primates, 248, 248f 
selective inbreeding and, 2311, 247 
spontaneous disease and, 231f, 244-245 
Anion gap, calculation of. 576 
Anion-gap acidosis 
in diabetic ketoacidosis, 576, 576r 
in diabetic nephropathy, 732 
in hyperglycemic hyperosmolar syndrome, 587 
Anterior pillar (lateral) fracture, 876 
Anterior pillar (medial) fracture, 876 
“Anthopometric” teratogenesis, fuel-mediated, 646 
Antibodies. in humoral immunity, 601 
abnormalities in diabetes and. 602 
Anti-BSA antibodies, in type 1 diabetes, 318 
Anticoagulation, for hyperglycemic hyperosmolar syndrome, 590 
Anticonvulsants. for painful diabetic neuropathy, 785, 7851 
Antidepressants, for painful diabetic neuropathy, 785, 785r 
Antidiscrimination laws, in employment, 977, 978. See also Employment 
Antidiuretic hormone (ADH), syndrome of inappropriate secretion of 
(SIADH), chlorpropamide use and, 536 
Antiepileptic drugs, for painful diabetic neuropathy, 785, 7851 
Anti-GAD, in type 2 diabetes, 304 
Antigen-presenting cells, T-lymphocyte activation/antigen recognition and, 
223, 223f 313 
Antigen-specific lymphocytes, clonal selection of, 219, 220f 
Antihypertensive drug therapy, 817-820, 817f 818f See also specific type 
or agent 
diabetic nephropathy affected by, 733-737, 734f 7341, 735f 7351, 736f 
glucose metabolism affected by, 417, 417r 
Anti-insulin antibodies/insulin autoantibodies (IAA), 268, 311r, 312, 
369-370 
in type | diabetes, 31 17, 312 
natural history and, 303 
after viral infection, 279 
Anti-insulin receptor antibodies, 268, 311, 370 
hypoglycemia and. 965 
management of, 970 
insulin resistance and. 370 
Anti-ischemic medications, for coronary heart disease, 827 
Antioxidants, 956 
atherosclerosis development affected by, 168-169 
diabetic nephropathy affected by. 709 
diabetic neuropathy affected by, 758 
diabetic retinopathy affected by, 655 
Antisense phosphorothioate oligodeoxynucleotides, vascular endothelial 
growth factor (VEGF), diabetic retinopathy and, 657 
Antithrombotic agents, for coronary heart disease, 827-828 
AODM (adult-onset diabetes mellitus). See Type 2 diabetes mellitus 
APCs. See Antigen-presenting cells 
APD. See Acquired perforating dermatosis 
Apolipoprotein E, in islet amyloid, 261 
Apoptosis (programmed cell death/PCD) 
COX pathway and, 760, 760f 
in diabetic neuropathy, oxidative stress and, 758-759 
in type | diabetes 
induction of autoimmunity and, 226, 302, 317 
inhibition of, 951 
APS, in insulin mechanism of action, 697 
Arachidonic acid messenger system. in insulin release, 48 
ARC. See Arcuate nuclei 
Arcuate nuclei (ARC), in weight/food intake regulation 
agouti-related peptide neurons and, 157, 158f 
insulin receptors and, 155, 155f 
melanocortins and. 157, 158f 
neuropeptide Y neurons and, 156-157, 157. 158f 
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Arginine 
glucagon secretion and, 100 
in type 2 diabetes, 336, 336f 
insulin secretion and, 334, 335f 336f 
ARIs. See Aldose reductase inhibitors 
Armanni-Ebstein lesion, 725 
Armed forces, employment of diabetic patients in, 980 
Arrhythmias 
in cardiovascular autonomic neuropathy, 791 
in hyperglycemic hyperosmolar syndrome, 595r 
Arterial blood, for glucose concentration determinations, 273 
Arterial reconstruction. See also Revascularization 
in diabetic foot, 853-854, 853f, 854f, 896 
Artificial pancreas, 951 
ASP. See Acylation stimulating protein 
Asp®?*_human insulin (insulin aspart), 492, 493f, 495, 495, 501-502 
in twice-daily administration regimen, 502 
Aspartame, in nutritional management, 440, 440r 
Aspiration, gastric contents, in diabetic ketoacidosis, 583 
Aspirin 
for coronary heart disease, 827 
diabetic retinopathy and, 681 
hypertension and, 820 
thiazolidinedione interactions and, 553 
Assessment, in health education process, 985, 985f 986r 
AST, acarbose/miglitol therapy affecting, 546 
Asymptomatic (subclinical/chemical) diabetic, in WHO classification 
scheme, 269 
Asymptomatic ischemia, 825-827, 826f 
cardiac autonomic neuropathy and, 838 
Ataxia telangiectasia, insulin resistance in, 393-394 
Atenolol, for hypertension in diabetes, 736 
Atherosclerosis, 165-174, 166f. See also Cardiovascular disease 
antioxidants affecting development of, 168-169 
in diabetes, 169-172 
connective tissue abnormalities and, 171 
coronary artery, 165, 823-833. See also Coronary heart (coronary 
artery) disease 
dyslipidemia and, 170, 805, 807-809, 808f 823. See also 
Dyslipidemia 
exercise/physical activity and, 474-475 
immune mechanisms and, 171 
lipoprotein oxidation and, 170, 807-808 
microvascular/macrovascular disease relationship and, 171-172 
monocyte/macrophage function and, 170-171 
nonenzymatic glycation and, 170 
in older patients, 415, 420 
thiazolidinediones affecting development of, 550, 550f 
fatty streak formation in, 165-167, 166f 
oxidative modification hypothesis of, 167—169, 1687 
diabetes and, 170 
PAI-1 elevations and, 176-177 
thiazolidinediones affecting, 550 
plaque formation in, 166f, 167 
plaque rupture in, 166f, 167 
Atorvastatin, for coronary heart disease, 827 
ATP, in insulin synthesis/secretion, molecular studies of, 201 
ATP-binding cassette (ABC) proteins 
cholesterol transport and, 808, 808 
MHC molecules in diabetes and, 221, 309 
Atrophic gastritis, 884 
Atrophic shin spots, 902-903, 902f 
Autoantibodies. See also specific type and Beta-cell autoimmunity; Islet 
cell antibodies 
in BB rats, 236 
in diabetic autonomic nephropathy, 790 
to insulin receptor, 268, 311, 370 
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hypoglycemia and, 965 
management of, 970 
insulin resistance and, 370 
in type 1 diabetes, 311-313, 3117 
natural history and, 303 
Autoantigens, in type | diabetes, 311, 311 
Autoimmune diabetes of adulthood, latent (LADA). See Latent 
autoimmune diabetes of adulthood 
Autoimmune disease, diabetes as, 224-228. See also Immune 
systern/immunology; Latent autoimmune diabetes of 
adulthood; Type la (autoimmune) diabetes mellitus 
animal models of, 224-226, 231r, 235-238, 2371 
immunologic approaches to prevention and, 227-228, 950 
initiation of autoimmune response and, 226-227 
sustaining autoimmune response and, 227 
Autoimmune insulin syndrome, 965, 966 
management of, 970 
Autolysis, inflammatory, diabetic foot ulcers caused by, 865-866, 866f, 
867f 
Autonomic failure, hypoglycemia-associated, in type 1 diabetes, 523, 526, 
527f, 528, 801 
Autonomic nervous system 
cardiac function testing of, 791-792, 7921, 837 
obesity/type 2 diabetes and, 409 
Autonomic neuropathy (diabetic), 7721, 773, 789-804, 7891. See also 
Neuropathy 
cardiovascular/cardiac, 7721, 773, 790-793, 7921, 837-838 
cholecystopathy/gallbladder atony in, 887-888 
clinical, 790 
clinical manifestations of, 789r 
dead in bed syndrome and, 802 
diabetic nephropathy and, 733 
diarrhea and, 884-885 
differential diagnosis of, 789r, 790 
esophageal motor dysfunction and, 879 
foot problems and, 783-784, 783f, 849-850, 851, 862, 896, 896f 897. 
See also Diabetic foot 
gastrointestinal, 7721, 773, 794-796, 795f 
gastroparesis and, 794-796, 795f, 880-884, 881f 882f 882r 
genitourinary, 7721, 773, 796-799, 797f 
glucose control and, 749-750, 916r, 918 
hypoglycemia unawareness and, 801 
large bowel motility problems and, 886 
nutritional management and, 447 
orthostatic (postural) hypotension and, 791, 793-794, 793f 
pathogenesis of, 790 
pathology of, 747 
prevalence of, 790 
pupillary abnormalities and, 801 
respiratory dysfunction and, 801-802 
skin blood flow impairment and, 799-801, 800f 
subclinical, 790 
sudomotor dysfunction and, 773, 801 
Autonomy, health education for diabetes self-management and, 984 
Autophosphorylation, insulin receptor, 370-371 
defects in, in insulin resistance/type 2 diabetes, 380-382, 381f, 382f 
in pregnancy, 620 
Avandia. See Rosiglitazone 
Axon reflex, impairment of in diabetes, 846, 846f 
Axons, disorders of, in diabetic neuropathy, 747 
Ay gene, in obesity, 401 


B cells. See Beta cells 

B chain, insulin, 23-24, 24f, 482-483, 482f 

B lymphocytes, 219-220 
developmenvselection of, 222 
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in host defenses, 602 
receptors on, diversification of, 220-221 
Babinski reflex, in hyperglycemic hyperosmolar syndrome, 590 
Bacteremia, 607-608 
Bacterial overgrowth, diabetic diarrhea and, 885 
Bacterial skin infections, 900 
Bacteriuria, 606, 725 
Basal insulin secretion, 48. See also Insulin, synthesis/secretion of 
in type 2 diabetes, 332-333, 332f 
Basal insulins. See also specific type 
pharmacokinetics and pharmacodynamics of, 488-489, 489f 490f 
Basement membrane, capillary 
changes in in diabetes, 655, 670, 845-846 
glomerular, in diabetic nephropathy, 723-724, 724f 
glycemic control and, 702, 702f 
pathologic changes and, 697-700, 698f 699f 
structural-functional relationships and, 701, 702 
tubular, in diabetic nephropathy, 697, 698 
Basic fibroblast growth factor (bFGF), endothelial cell, AGE formation 
affecting, 186 
Basic helix loop helix (bHLH) transcription factors, insulin gene 
expression and, 29, 30, 31 
Bax protein, programmed cell death in diabetic neuropathy and, 759 
BB (BB/W, BB/Wor, BB/O) rats, 224-226, 235-236, 2371 
BBZ rats, 242 
bel-2 gene 
programmed cell death in diabetic neuropathy and, 759 
protection against immune-mediated beta cell destruction and, 21 1 
Bedtime-insulin/daytime-sulfonylurea (BIDS) therapy, 557 
Behavioral function, in offspring of diabetic mothers, fuel-mediated 
teratogenesis and, 645 
Behavioral models, health education for diabetes self-management and, 
984 
Beriberi, in hyperglycemic hyperosmolar syndrome, 594 
BETA2. See Beta-cell E box transactivator 
Beta;-Adrenergic receptor agonists, for type 2 diabetes mellitus, 954 
Beta blockers 
for acute MI, 832 
for coronary heart disease, 827 
for heart failure, 836 
for hypertension, 735-736, 817. 818f 
hypoglycemia caused by, 962 
in dialysis patients, 739 
sulfonylurea interactions and, 536-537 
Beta carotene, atherosclerosis development affected by, 169 
Beta-cell autoimmunity, 277-280 
environmental factors in, 279-280 
genetic factor interactions and, 279-280 
genetic factors in, 278-279 
environment interactions and, 279-280 
preclinical, 277-280 
prevalence and incidence of, 277-278, 279f 
primary prevention of, 280 
primary prevention of type | diabetes and, 280 
progression to clinical diabetes and, 280 
Beta-cell E box transactivator (BETA2). See also Neurogenic 
differentiation factor 1 (NeuroD1) 
insulin gene expression and, 29, 30, 31 
mutations in, in maturity-onset diabetes of the young (MODY-6), 267 
Beta cell transcription factors, in insulin gene transcription regulation, 
32-33 
diabetes mellitus and, 32-33 
Beta cells (B cells/B cells). See also under Islet 
adaptation of to insulin resistance, 56-58, 56f 58f, 342-344, 342f, 343f, 
344f 
anatomy of, 43 
autoantibodies to. See Beta cell autoimmunity 
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circulatory/neural/intraislet inputs of, 43-45 
desensitization of, 52 
free fatty acid excess affecting, 409 
function of 
aging affecting, 416, 416f 
genetic defects in, 267. See also Maturity-onset diabetes of the young 
in vivo measures of, 52-56, 53r 
metformin affecting, 541 
sulfonylureas affecting, 534 
thiazolidinediones affecting, 550, 551f 
hyperplasia of 
hypoglycemia and, 962 
in type 2 diabetes, 259 
IAPP/amylin secretion and, 33-35, 33f, 34f 
inhibitory receptors on, 48 
insulin synthesis/secretion and, 24-33, 25f 26f, 43-65, 44f. See also 
Insulin 
extracellular control of. 48-60 
intracellular control of, 45-48 
lipid metabolism and, molecular studies of, 201 
molecular mechanisms of, 197-217. See also Gene transfer studies: 
Genetic engineering 
nutrienvhormonal control of, 31-32 
secretory granule formation and, 28, 45 
in type 2 diabetes 
basal secretion, 332-333, 332f 
glucose-stimulated secretion, 333, 333f, 334f 335f 
non-glucose-stimulated secretion. 334, 335f 336f 
loss/dysfunction of 
immune destruction 
genetically engineered cell lines with resistance to, 211, 212f 213f 
prevention/amelioration of, 951 
stress-related neurohormonal changes and, 141-142 
partial, 58-60, 58 
in vivo measures of, 53r 
toxic damage. 59 
animal models of, 231-233, 2314, 232f 
in type | diabetes, 257-258, 258/ 
in type 2 diabetes. 258-261, 259f 260f 261f, 332-338 
glucagon secretion and, basal and stimulated, 334-336, 336f 
insulin secretion and 
basal, 332-333, 332f 
glucose-stimulated, 333. 333f 334f 335f 
non-glucose-stimulated, 334, 335f 336f 
nature of lesion causing, 337-338 
molecular/cell biology of, 23-41, 197-217 
priming effect of glucose on, 52 
replacement of. See Islet cell transplantation; Pancreas/pancreas-kidney 
transplantation 
stress-related abnormalities of 
type | diabetes and, 141-142 
type 2 diabetes and, 142-143 


Betaine, in sorbitol-osmotic hypothesis of diabetic neuropathy, 752-755 
Bf. See Properdin factor B 

bFGF. See Basic fibroblast growth factor 

BHE/Cdb rats, 244-245 

bHLH family. See Basic helix loop helix (bHLH) transcription factors 
Bicarbonate administration. for diabetic ketoacidosis, 581-582 
Bicarbonate levels 


in diabetic ketoacidosis, 575, 577r 
in hyperglycemic hyperosmolar syndrome, 587, 5887 


BIDS (bedtime-insulin/daytime-sulfonylurea) therapy, 557 
Biguanides, 346-347, 517. 539-543. See also Metformin 


dyslipidemia affected by, 807 
insulin therapy compared with, 517, 518r 
sites of action of, 532f 


Bile acid malabsorption. diabetic diarrhea and, 885 
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Bile salts, for gallstone dissolution, 888 
Biliary tract disorders, 886-888 
Binge eating, management of diabetic with, 446 
Birth defects. See Congenital malformations 
Birth weight, as type 2 diabetes risk factor, 289-290 
BL/6J mice, 247 
Bladder, neurogenic, 737, 799 
Bladder drainage, for pancreas/pancreas-kidney transplantation, 929, 929f 
BLG. See B-Lactoglobulin 
Blindness/legal blindness, diabetes causing, 686-690, 686f 
economic costs of, 690 
incidence of, 687, 687r 
prevalence of, 686-687 
risk factors for, 688, 688/ 
Blood-brain barrier, glucose levels in brain and, 117 
Blood glucose control. See Glycemic control 
Blood glucose self-monitoring, 508-509, 508r, 951 
in gestational diabetes, 633 
Blood ketones, in diabetic ketoacidosis, 578-579 
Blood pressure. See also Hypertension 
in autonomic neuropathy, 793-794 
cardiovascular, 790 
macular edema development and, 678 
measurement of, 815-816 
metformin affecting, 541 
nephropathy development/severity and, 702-704, 733 
familial studies and, 704-705 
out-of-office measurements of, 815-816 
retinopathy development/severity and, 6761, 678-679, 678f, 679f 
treatment and, 733-737, 734f, 7341, 735f, 7352, 736f 
thiazolidinediones affecting, 550 
Blood-retinal barrier, 663 
breakdown of in macular edema, 668, 669 
Blood supply, in host defenses, 601 
abnormalities of in diabetes, 602, 602r 
Blood vessels, damage to in diabetes. See Atherosclerosis; Vascular 
disease 
Blot hemorrhages, in diabetic retinopathy, 664, 664f See also Retinal 
hemorrhages 
BMI. See Body mass index 
Body fat. See Adipose tissue; Adiposity 
Body mass index 
diabetic retinopathy development/severity and, 680 
gestational weight gain guidelines and, pregestational diabetes and, 627 
in obesity, 401, 402r 
parental diabetes and, 403, 403f 
Body weight 
a-glucosidase inhibitors affecting, 545 
metformin affecting, 541, 542, 807 
regulation of 
adiposity signals and, 154-156 
interaction with signals controlling meal size and, 158-159, 159f 
anabolic effector systems in, 156-157, 158f 
central systems in, 156-159, 158f 159f 
eating and, 154-156, 154f, 155f 156f 
GLP-1 in, 82 
hypothalamic systems in, 154-159, 158f 159f 
insulin in, 155-156, 155f 
leptin in, 156, 156f 
Bovine insulin, 487 
Bovine serum albumin, antibodies to, 311, 318 
Bradygastria, in autonomic neuropathy, 795 
Bradykinin, in diabetic nephropathy, 708 
Brain, glucose levels in, 117. See also Neuroglucopenia 
sensing, 119, 119-120, 119f 
defects in, 121 
Brain stem, glucose sensing areas in, 119, 120 
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Branched pathways, effects of receptor mutations and, 357 
Breastfeeding 
metformin therapy and, 543 
nutritional management and, 446 
repaglinide contraindicated in, 538 
type | diabetes risk affected by, 283, 318, 319 
type 2 diabetes risk affected by, 290 
Bronze diabetes (hemochromatosis and diabetes), 261, 267, 890 
Brussels Study, 909 
Bullosis diabeticorum, 903 
Bunion, ischemic pressure ulceration and, 864 
Bums, stress hyperglycemia and, 138-139, 138f 
Bushke type sclerederma adultorum, 900 


C3, in insulin resistance, 407 
C3G, in insulin mechanism of action, 75 
C57BL/6J mice, 247 
c-CB}, in insulin mechanism of action, 69r 
C (constant) domain, of T-cell receptor, 220, 221f 
C peptide 
clinical relevance of, 28-29 
measurement of 
in factitious hypoglycemia, 968 
insulin synthesis/secretion reflected by, 28 
in insulinoma, 967 
proinsulin transformation and, 24, 25f 28, 45 
retinopathy development/severity and, 677 
C-peptide negativity, iatrogenic hypoglycemia risk and, 527-528, 528r 
Ca. See Calcium 
Ca?*/CaM-dependent protein kinase II, in insulin release, 47 
CABG. See Coronary artery bypass grafting 
CAD. See Coronary heart (coronary artery) disease 
Calcitonin gene-related peptide (CGRP), islet amyloid polypeptide (LAPP) 
and, 34, 34f 
Calcium. See also Hypocalcemia 
in diabetic cardiomyopathy, 836 
in diabetic ketoacidosis, 5761, 577r 
in glucagon action, 101 
in hyperglycemic hyperosmolar syndrome, 592r, 594 
metabolism of 
diabetes associated with disorders of, 429 
in insulin release, 46—47, 47 
as second messenger, in insulin release, 46-47, 47 
Calcium-calmodulin dependent protein kinase, in insulin release, 
molecular studies of, 201 
Calcium channel blockers 
for coronary heart disease, 827 
diabetic nephropathy affected by, 737 
for heart failure, 837 
for hypertension, 818-819, 818r, 819f 
Calcium channels, beta cell, in insulin release, 31, 46 
Calluses, in diabetic foot, 862 
Calmodulins, in insulin release, 47 
Calpain 10 gene, in type 2 diabetes, 391 
CaMK II. See Ca**/CaM-dependent protein kinase I 
Campylobacter gastroenteritis, 606 
CaMs. See Calmodulins 
CAN. See Cardiovascular/cardiac autonomic neuropathy 
Cancer cells, thiazolidinediones affecting growth of, 551 
Candida albicans (candidiasis) 
esophagitis and, 880 
oral, 606 
skin infections and, 604, 900 
urinary tract, 607 
Candidate genes 
for beta-cell autoimmunity, 278-279 
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for diabetic retinopathy, 674 
for type | diabetes, 283 
for type 2 diabetes, 288, 348-349 
CAPD. See Continuous ambulatory peritoneal dialysis 
Capillary basement membrane, changes in in diabetes, 655, 670, 845-846 
Capillary blood, for glucose concentration determinations, 273 
Capillary-free zone, retinal, 663 
Capitated payment plans, 974 
Capsaicin, for painful diabetic neuropathy, 785, 785r 
Captopril 
diabetic nephropathy affected by, 733, 735 
for hypertension in diabetes, 818f 819 
Carbamazepine, for painful diabetic neuropathy, 785, 785r 
Carbohydrates. See also Glucose 
dietary 
ingestion affecting glucose metabolism during exercise and, 461-462 
ingestion to prevent/treat hypoglycemia during exercise and, 466 
in nutritional management, 439-440 
lipid/lipoprotein concentrations and, 441r 
weight loss and, 439 
GIP secretion and, 86 
glycogen as storage form for, | 
metabolism of. See Glucose/carbohydrate metabolism 
Carboxypeptidase E (CPE) 
mutation of. in obesity, 27 
in proinsulin cleavage, 26-27, 27f 
Carboxypeptidase H, in type | diabetes, 3117 
Carcinoid syndrome, glucose intolerance in, 432 
Cardiac autonomic neuropathy. See Cardiovascular/cardiac autonomic 
neuropathy 
Cardiac denervation, in diabetic autonomic neuropathy, 791 
Cardiac failure. See Heart failure 
Cardiac transplantation, for heart failure, 837 
Cardiomyopathy 
diabetic, 834-836, 835/ 
hypertrophic, in infants of diabetic mothers, 644 
Cardiopulmonary bypass surgery, 617 
Cardiovascular/cardiac autonomic neuropathy, 7721, 773, 790-793, 7921, 
837-838 
diagnosis of, 791-792, 7921, 837 
significance of, 837-838 
symptoms and signs of, 791 
treatment of. 792-793 
Cardiovascular disease, 169-172, 823-844. See also Atherosclerosis 
in cardiovascular autonomic neuropathy, 791 
exercise/physical activity and, 474-475 
intensive diabetes management and, 918 
maternal diabetes and, 648 
metformin therapy and, 541-542, 542f 
miglitol therapy and, 545 
nephropathy and, 740 
familial studies and, 704-705 
in older diabetics, 415, 420 
preoperative assessment of patient status and, 612 
retinopathy associated with, 681, 6817 
sulfonylurea therapy and, 534-535 
thiazolidinedione therapy and, 550, 553 
Cardiovascular dysmetabolic syndrome, 553 
Carnitine acyl CoA, in alloxan- and STZ-treated animals, 234 
Carnitine palmitoyl transferase I (CPT I), in fatty acid metabolism, 18f 19, 
20, 21f 
Camitine palmitoy] transferase IT (CPT L). in fatty acid metabolism, 18f 
19 
B-Carotene, atherosclerosis development affected by, 169 
Carotid endarterectomy, stroke risk reduction and, 848 
6-Casein, beta-cell autoimmunity and, 279 
“Casual” glucose determination, 273 


Catabolic effector systems, in weight/food intake regulation, 157 
paraventricular nuclei (PVN) and, 157 
Cataracts (diabetic), 658-659, 689 
assessment of in older patients, 419 
surgery for removal of, 689 
diabetic retinopathy progression and, 689 
perioperative management and, 613 
Catecholamines 
beta cell damage by, stress and 
in type | diabetes, 141-142 
in type 2 diabetes, 142 
deficiency of, hypoglycemia and, 964-965 
in diabetic ketoacidosis. 574, 574t 
glucose production/utilization affected by, 128, 128f, 428r 
exercise/physical activity and. 456, 461 
hypoglycemia affecting, 118, 960 
defective responses and. 120 
in insulin release, 49r, 50, 428, 429r 
insulin resistance and, 369 
insulin secretion/action affected by, 4297 
pheochromocytoma producing. glucose intolerance/diabetes and, 428, 
4281 
stress hyperglycemia and 
burn-induced, 138-139 
hypotension-induced, 131-132 
hypothermia-induced, 135 
hypoxia-induced, 130-131 
myocardial infarction-induced, 136 
surgery-induced. 611-612 
trauma-induced, 139 
Cats. animal models of diabetes in, 248-249 
CCBs. See Calcium channel blockers 
CCK. See Cholecystokinin 
CD4 (helper) T cells, 222, 222 
beta cell destruction in type 1 diabetes and, 225-226 
effector functions of, 222, 224 
CD8 (cytotoxic) T cells, 221, 222f 224 
beta cell destruction in type ! diabetes and, 225-226, 315-316 
effector functions of, 221, 224 
Celiac disease (gluten-induced enteropathy), in type | diabetes, 885-886 
nutritional management and, 447, 886 
Cell-based insulin therapy, 210-214. 212f 213f 
cell lines for glucose-stimulated stimulation and, 210-211 
cell lines for resistance against immunological attack and, 211, 212f 
213f 
human cell lines and, 21 1-214 
Cellular immune response. See a/so Immune system/immunology 
abnormalities of in diabetes, 603-604 
in type 1 diabetes, 313-316, 314f 
Cellulitis, necrotizing, 604 
Central body fracture, 876 
Central nervous system. See Nervous system 
Cerebral blood flow, abnormalities of in diabetes, 848 
Cerebral edema. diabetic ketoacidosis/hyperglycemic hyperosmolar 
syndrome, and, 582-583, 594-598 
Cerebral metabolism. fall in, counterregulatory responses to hypoglycemia 
and, 119-120 
Cerebrovascular disease (diabetic), 848 
Certified Diabetes Educators, 989, 990 
Cesarean sections, elective, pregestational diabetes and, 629-630 
CETP. See Cholestery] ester transfer protein 
CGRP. See Calcitonin gene-related peptide 
Change, stages of, health education for diabetes self-management, 984, 
986r 
Charcot’s (neuropathic) fracture (Charcot foot), 800, 876 
Charcot’s joint (neuroarthropathy), 784 
CHCs. See Community health centers 
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CHD. See Coronary heart (coronary artery) disease Class I MHC molecules, 221-222, 222f 3041, 305f 
“Cheiroarthropathy,” 898 in NOD mice, 225 
Chemical (asymptomatic/subclinical) diabetic, in WHO classification in type 1 diabetes, 258 
scheme, 269 Class II MHC molecules, 221-222, 222f, 3041, 305f 
Childhood (infantile) diabetic, in WHO classification scheme, 269 in NOD mice, 225-226 
Childhood immunization, diabetes risk and, 283, 319, 320 structure of, 306, 307f 
Children in type | diabetes, 258, 306-309, 306f 307f 3071, 308r 
hypoglycemia in diet and, 284 
diagnosis of, 969 viral infection and, 284 
symptoms of, 959 Class II] MHC molecules, 304r 
type 1 diabetes in Claudication, in lower extremity vascular disease, evaluation of, 851-852, 
developmental and family issues and, 565-572 851f 852f 
adolescents, 566r, 568-569 Clinical diabetic, in WHO classification scheme, 269 
infants and young children, 565-566, 566r Clonal selection, in adaptive immunity, 219, 220f 
interventions/therapy implications and, 569-570 Clonidine, for diabetic diarrhea, 796 
psychosocial interventions and, 569-570 Clopidogrel, for coronary heart disease, 827-828 
school-age children, 566-568, 566r Clostridium perfringens, cholecystitis caused by, 607 
team management and, 569 CMAP. See Compound muscle action potential 
transition to young adulthood and, 569 CoA. See Coenzyme A 
nutritional management and, 445 Coagulation factors, elevated levels of in diabetes, 176 
type 2 diabetes in, 287, 287f COBRA (Consolidated Omnibus Budget Reconciliation Act), 975 
nutritional management and, 445-446 Coccidioidomycosis, 608 
obesity and, 409-410 Coenzyme A (CoA) 
Chloride acetyl, in ketogenesis, 18, 18f 19, 20, 21f 
in hyperglycemic hyperosmolar syndrome, 593 acyl 
polyol pathway flux affecting concentration of, 576r, 5771 carnitine, in alloxan- and STZ-treated animals, 234 
Chlorotocin, 232. See also Streptozocin long-chain 
Chlorpromazine, for malignant insulinoma, 970 in insulin release, 48, 201, 206-207 
Chlorpropamide, 531, 532 in insulin resistance, 407 
clinical use/efficacy of, 533 malonyl 
dosing precautions and, 535 in alloxan- and STZ-treated animals, 234 
drug interactions of, 537 in insulin synthesis, molecular studies of, 201, 206, 208f 
hepatic dysfunction and, 890 in ketogenesis, 16, 19, 20, 21f 
pharmacokinetics of, 533, 533r as metabolic signal in weight regulation, 154 
side effects of, 536 Cognitive function, assessment of in older patient with diabetes, 418 
Cholecystectomy Cognitive learning, in health education for diabetes self-management, 983 
insulin sensitivity affected by, 612 Cohen sucrose-induced diabetic rat, 247 
for silent gallstones, 887-888 Cold stress, hyperglycemia and, 135-136, 136f 
Cholecystitis, emphysematous, 607 Collagen, AGE modification of, 186 
Cholecystokinin (CCK) Collagenosis, reactive perforating, 903 
glucagon release and, 99 Colloids, for hyperglycemic hyperosmolar syndrome, 589, 592r 
insulin release and, 49-50, 497, 94 Colon, small (“lazy left colon”), in infants of diabetic mothers, 644 
meal termination and, 153 Colonic motility studies, in constipation, 886 
interaction with adiposity signals and, 158-159 Color vision, impairment of in diabetes, 688 
Cholecystopathy/galibladder atony, 796, 886-887 Coma, diabetic, 587. See also Hyperglycemic hyperosmolar syndrome 
Cholelithiasis, 887-888 Combination therapy, for type 2 diabetes, 520, 554-558, 555/, 5571, 953. 
Cholesterol. See also Dyslipidemia See also specific agent 
dietary, in nutritional management, 441, 4411, 442 adding insulin to oral therapy and, 557 
levels of in diabetes, 805, 806f adding oral agents to insulin therapy and, 557-558, 558f 
ideal, 810 insulin and acarbose, 558 
Cholesterol transport system, reverse, in dyslipidemia, 808 insulin and a glitazone, 558 
Cholesteryl ester transfer protein, cholesterol transport and, 808, 808f insulin and metformin, 557-558 
Cholinergic symptoms, in hypoglycemia, 525 oral agent combinations, 555-557, 557r 
Chromium, in nutritional management, 443 insulin secretagogue and insulin sensitizer, 554 
Chromogranin A, insulin gene expression and, 32 triple combination, 557 
Chromosome 6, type | diabetes association with genes on, 309-310, 310r two insulin sensitizers, 554-555 
class II MHC molecules, 258, 306-309, 306f, 307 3071, 3081 reinitiation of oral therapy in insulin-treated patient, 558 
Chromosome 11, type | diabetes association/linkage with genes on, 310, Commercial vehicle, diabetic patients banned from driving, 979 
310r “Common soil” hypothesis, 823 
Chylomicronemia syndrome, 809 Communication, in health education process, 987 
Chylomicrons, eruptive xanthomas and, 901 Community health centers, 976 
Cigarette smoking. See Smoking Community rating, for group health insurance, 975 
Cimetidine, metformin interaction and, 543 Compatible osmolyte (osmotic) hypothesis, of diabetic neuropathy, 752. 
Cirrhosis, 889 See also Sorbitol-osmotic hypothesis 
cis-monosaturated fatty acids, in nutritional management, 441, 442r Complement 
CK. See Creatine kinase in humoral immunity, 601 


Cl. See Chloride abnormalities of in diabetes, 602-603 


in insulin resistance, 407 
in type | diabetes, 310 
Compound muscle action potential, testing, in diabetic neuropathy 
diagnosis, 775 
Conceptus 
as endocrine structure, 620-621 
insulin secretion/sensitivity affected by, 619-620, 620f 
maternal fuels affected by, 621-622, 621f 
metabolic contributions of, 619-622 
Conduction velocity. See Nerve conduction velocity 
Congenital malformations/birth defects, 268 
maternal diabetes and, 622-623, 623f 630, 642 
fuel-mediated teratogenesis and, 622, 622f, 642, 645 
retinopathy and, 681 
Congenital rubella syndrome 
beta-cell autoimmunity and, 279 
type | diabetes and, 283, 321 
Congestive heart failure. See Heart failure 
Conn syndrome (primary hyperaldosteronism), glucose intolerance in, 
428-429 
Connective tissue, abnormalities of in diabetes, atherosclerosis and, 171 
Consolidated Omnibus Budget Reconciliation Act (COBRA), 975 
Constant (C) domain, of T-cell receptor, 220, 221f 
Constipation, 796, 886 
nutritional management and, 447 
Continuous ambulatory peritoneal dialysis, 740 
insulin requirements affected by, 739 
Continuous subcutaneous insulin infusion (CSII), 504-506, 505f 505: 
hypoglycemia and, 960 
initial dosage determinations for, 505-506 
during labor and delivery, 630 
pump for, 504-505 
skin complications of, 904 
in type 2 diabetes therapy, 520 
Contraceptive counseling, postpartum, 634 
Coping skills training, for children/adolescents with type 1 diabetes, 
569 
Coreceptor molecule, CD8 as, 221, 222f 


Coronary angioplasty, percutaneous transluminal (PTCA), 828-829, 8291, 


830r, 8317 

for acute MI, 832 

for multivessel disease, 831, 8311 

Coronary artery bypass grafting (CABG). 617. 828. 831r 
for multivessel disease, 831, 8311 
Coronary heart (coronary artery) disease, 165, 823-833. See also 

Atherosclerosis 

acute coronary syndromes and, 833 

acute myocardial infarction and, 831-833 

anti-ischemic medication and, 827 

antithrombotic agents and, 827-828 

asymptomatic ischemia and, 825-827, 826f 

coronary artery bypass grafting (CABG) for, 828, 831r 

epidemiology of, 823 

etiology of, 823-824 

heart failure and, 834, 834f 

intracoronary stents for. 829-830, 830r 

lipid lowering therapy and, 827 

multivessel, 830-831, 8311 

pathology of, 824, 824f 

percutaneous transluminal coronary angioplasty (PTCA) for, 828-829, 
829r, 8301, 8317 

prevention of, 824-825, 825r 

revascularization procedures for, 828-831, 829r, 830r, 8317 

screening for, 826-827 

treatment of 

medical, 827-828 
surgical, 828-831 
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Cortisol 
in Cushing’s syndrome, glucose intolerance/diabetes and, 427-428 
in diabetic ketoacidosis, 574, 574: 
glucose production/utilization affected by, 128, 128f 
hypoglycemia affecting, 118, 960 
defective response and, 121 
in myocardial infarction, stress hyperglycemia and, 136 
Corynebacterium minutissimum, cutaneous infection caused by 
(erythrasma), 605, 900 
Costimulatory signal, for T-cell activation/antigen recognition, 223-224, 
223f, 313 
pathogen triggering, 226 
Cotton-wool spots, in diabetic retinopathy, 654f 664, 664f 665f 
Counterregulation/counterregulatory hormones, 118, 120-122, 121f 341, 
428, 4281, 525-526, 527f, 960 
defects of in diabetes, 120-122, 121f, 525-526, 960 
in diabetic ketoacidosis, 574-575, 574r 
hypoglycemia risk factors and, 526-529, 527r, 528r 
insulin resistance and, 341, 368-369 
metabolic sites of action of, 428, 428r 
normal, 525 
pathophysiology of. 525-526, 527f 
physiology of, 524-525, 525r 
Cow’s milk 
beta-cell autoimmunity and, 279 
genetic interaction and, 279-280 
prevention of, 280 
type | diabetes and, 283, 318-319 
prevention and, 283, 318, 319 
COX-1. 759 
COX-2, 759, 760, 760f 
COX pathway 
diabetic neuropathy and, 759-760 
programmed cell death and, 760, 760f 
Coxsackievirus infection, in type 1 diabetes, 319, 320 
CPE. See Carboxypeptidase E 
CPT I. See Carnitine palmitoyl transferase | 
CPT II. See Carnitine palmitoy] transferase II 
Cranial neuropathies (diabetic), 779-781 
CRE. See Cyclic AMP-responsive element 
Creatine kinase, in hyperglycemic hyperosmolar syndrome, 598 
Creatine phosphokinase. thiazolidinediones affecting, 552 
Creatinine. serum, in diabetic nephropathy, 730 
CRS. See Congenital rubella syndrome 
Cryptococcosis, 608 
Crystallins (lens), nonenzymatic glycation of in diabetes, cataract 
formation and, 659 
Crystalloids, for hyperglycemic hyperosmolar syndrome. 589, 591, 592r 
CSIL. See Continuous subcutaneous insulin infusion 
CTLA-4, type | diabetes association and, 310r, 311 
Cushing's syndrome, hyperglycemia/diabetes associated with, 267, 
427-428 
Cutaneous infection. 602, 604-605, 900-901 
insulin injections and, 904 
Cyclamate, in nutritional management, 440r 
Cyclic AMP 
glucagon action and, 101-104, 101f, 102f, 103f 
liver enzyme regulation and, 101-102, 102f 
glucagon synthesis/secretion and, 98-99 
insulin release and, 46, 47-48 
Cyclic AMP-responsive element (CRE), insulin gene expression and, 31, 
45 
Cyclooxygenase (COX). See also COX-1; COX-2 
in diabetic neuropathy, 759-760 
programmed cell death and, 760, 760f 
Cyclosporin, in type 1 diabetes prevention, 284 
CYP enzymes. See Cytochrome P-450 enzyme system 
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Cystic fibrosis 
diabetes in patients with, 261, 267 
glucose intolerance and, 891 
Cystitis, 606-607 
Cystopathy, diabetic, 419, 799 
Cytochrome P-450 enzyme system 
repaglinide metabolized by, drug interactions and, 539 
thiazolidinediones metabolized by, 548 
drug interactions and, 552 
Cytokines 
CD4 T cell production of, 224 
in diabetic nephropathy, 707-709, 727 
genetically-engineered cell lines with resistance to, 211, 212f 213f 
insulin resistance and, 370 
surgery-related, 612 
PAI-1 affected by, thrombosis and, 177 
stress hyperglycemia and 
burn-induced, 139 
hypotension/shock-induced, 131 
myocardial infarction-induced, 136-137 
sepsis-induced, 138 
in type | diabetes, 313-316 
autoimmune responses and, 227 
Cytotoxic (CD8) T cells, 221, 222f, 224 
beta cell destruction in type 1 diabetes and, 225-226, 315-316 
effector functions of, 221, 224 


D (diversity) segment, of T-cell receptor, 220, 221f 
Daclizumab, for islet cell transplantation, 942 
DAG. See Diacylglycerol 
Dallas Diabetes Prospective Trial (DDPT), 912r, 914 
DAN. See Autonomic neuropathy (diabetic) 
Day (outpatient/ambulatory) surgery, 613, 616 
db/db (lepr”) mice, 238-240, 2391 
db gene, in obesity, 401 
DCCT. See Diabetes Control and Complications Trial 
DDPT. See Dallas Diabetes Prospective Trial 
Dead in bed syndrome/sudden death, 802, 838 
Deafness, maternally inherited diabetes and (MIDD), genetic studies of, 349 
DECODE Study Groups, on ADA versus WHO classification/diagnostic 
criteria, 272-273 
Decompensated type 2 diabetes, 333 
Decubitus ulcers, in diabetic foot, 863-865, 863f 864f 865f See also 
Diabetic foot 
Dehydration 
in diabetic ketoacidosis, 576, 576r 
in hyperglycemic hyperosmolar syndrome, 587, 588f, 589, 590 
“latent shock” of, 589 
in older patient with diabetes, 417 
Delivery, pregestational diabetes and, 629-630 
Delta cells (D cells/5 cells), 43 
Demyelination, in diabetic neuropathy, 747 
2-Deoxyglucose, for glucose transport measurement, microvascular 
disease and, 181, 182f 
Department of Motor Vehicles, issuance of driver’s licenses and, 980 
Department of Transportation (DOT), guidelines for commercial driving 
by diabetic patients and, 979 
Dermatitis, in glucagonoma, 904 
Dermatosis, acquired perforating, 903-904, 903f 
Dermopathy, diabetic, 902-903, 902f 
Desensitization 
of beta cells, 52 
of GIP receptor, 87 
Desipramine, for painful diabetic neuropathy, 785 
Developmental/family issues, in type | diabetes, 565-572 
adolescents, 5661, 568-569 
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infants and young children, 565-566, 566r 
interventions/therapy implications and, 569-570 
psychosocial interventions and, 569-570 
school-age children, 566-568, 5667 
team management and, 569 
transition to young adulthood and, 569 
Dextranase, acarbose/miglitol inhibition of, 543 
Diabesity, 402. See also Obesity 
animal models of, 2311, 238-244, 2397 
Diabetes Control and Complications Trial (DCCT), 912r, 915-919, 915f 
9161, 917f, 919F 
genetic factors in diabetic retinopathy and, 674 
glycemic control and, 912r, 915-919, 915f, 9161, 917f, 919f 
in dyslipidemia developmentseverity, 806 
in nephropathy developmentseverity, 702, 916-918, 916r, 917f 
in neuropathy developmentseverity, 747, 748, 773, 774, 9161, 918 
patient selection for intensive diabetes management and, 506-507 
in retinopathy development/severity, 675-677, 6771, 678f 915-916, 
9161, 917f 
in type 2 diabetes, 516-517 
value of intensive diabetes management and, 501 
Diabetes educator, qualifications and scope of practice of, 989-990 
Diabetes mellitus. See also Gestational diabetes mellitus; Maturity-onset 
diabetes of the young; Type 1 diabetes mellitus; Type 2 
diabetes mellitus 
animal models for, 231-255, 2311. See also specific model 
bronze (hemochromatosis and diabetes), 261, 267, 890 
classification/diagnosis of, 265-275 
ADA criteria for, report of Expert Committee on the Diagnosis and 
Classification of Diabetes Mellitus (1997), 270-271, 270r, 
271f 
etiologic classification, 265-268, 266r 
National Diabetes Data Group criteria for (1979), 269-270 
WHO criteria for 
1999 consultation, 271, 272f, 2721 
ADA criteria compared with, 272-273 
first report of Expert Committee on Diabetes Mellitus (1965), 
268-269 
report of Study Group on Diabetes Mellitus (1985), 270 
second report of Expert Committee on Diabetes Mellitus (1980), 
270 
complications of. See also specific type 
genetic predisposition to, 182-183, 184f 
glycemic control and, 909-926 
epidemiologic and observational studies in assessment of, 909-911 
intervention trials in assessment of, 911-921 
post-transplantation studies in assessment of, 921-922 
pancreas/pancreas-kidney transplantation affecting, 934-935, 934f, 
935f 
therapies for prevention/treatment of, 956 
in congenital disorders, 268 
diagnostic criteria for, 268-273 
drug- and chemical-induced, 268, 318 
economic issues and, 973-982 
epidemiology of, 277-300, 316-318, 318f 
exercise effects/benefits and, 463-475 
health education for self-management and, 983-991 
infections in, 601-610 
lipodystrophy/lipoatrophy and, 267, 393 
maternally inherited, with deafness (MIDD), genetic studies of, 350 
mild (familial mild hyperinsulinemic diabetes), 33 
mitochondrial, genetic studies of, 350-351 
pancreas pathology in, 257-263, 267 
during pregnancy. See Gestational diabetes mellitus; Pregnancy 
secondary, 267-268. See also specific cause 
social issues and, 973-982 
steroid, 368 


stress hyperglycemia in, 140-143, 140f 141f 
management of, 144-145 
surgery in patient with, 611-618 
treatment of. See also Insulin therapy; Islet cell transplant; Oral 
antidiabetic agents; Pancreas/pancreas-kidney transplant 
changes in approach to 
type 1 diabetes and, 950-951 
type 2 diabetes and, 952-956 
future outlook for, 949-958 
shortcomings of 
type | diabetes and, 949-950 
type 2 diabetes and, 951-952 
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insulin requirements affected by, 738 
peritoneal, glucose absorption/insulin requirements and, 739 
Diarrhea 
acarbose/miglitol therapy and, 546 
diabetic, 796, 884-885, 886r 
in autonomic neuropathy, 796 
nutritional management and, 447 
hypoglycemia in infants and, 965 
sweeteners causing, 440 
Diazoxide 
for leucine-induced hypoglycemia, 971 
for nesidioblastosis, 970 


Diabetes Prevention Program, 292, 292f See also Prevention strategies 
Diabetic coma, 587. See also Hyperglycemic hyperosmolar syndrome 
Diabetic corpulent rats, 243-244 

Diabetic dermopathy, 902-903, 902f 

Diabetic foot, 849-851, 849f 850f, 859-878 


Dicarbony] precursors, of advanced glycation end-products (AGEs), in 
microvascular disease development, 185-186, 186f 
Diet. See also Nutritional management: Weight loss 
assessment of in older patient with diabetes, 418-419, 418r 
beta-cell autoimmunity and, 279 


amputation for, 849, 859 
prevention of, 859. See also Limb salvage 
autonomic neuropathy and, 862, 862f See also Diabetic foot, 
neuropathic ulceration and 
basement membrane changes in, 845-846 
calluses and, 862 
daily foot examination and, 871 
foot wounds and, 862-866 
acute care for, 871-874, 873f 874f 875f 
case example of management of, 876-877 
daily inspection and, 871 
direct mechanical damage causing, 865, 865f 
ischemic pressure ulceration causing, 863-865, 863f 864f 865/ 
moderate repetitive stress causing, 865-866, 866f, 867f 
shear stresses and, 874-875. 875f 
infections and, 604, 850, 850f 
lower extremity vascular disease and, 851-852, 851f, 852f, 860, 896 
arterial reconstruction and, 853-854, 854f, 896 
neuropathic (Charcot's) fractures and, 876 
neuropathic ulceration and, 783-784, 783f, 849-850, 851, 860, 896, 
896f, 897/ 
acute care of, 871-874, 873f 874f 875f 
care of newly healed foot and, 874-875, 875f 
early identification of, 860 
plantar, management of, 875 
skin blood flow and, 800, 801 
total contact cast in management of, 872-874, 873f 874f, 875f 
pressure footprints and, 869-870, 869/, 870f 871f 
prevention of, 859, 896-897 
injury prevention and, 860 
protective sensation and, 860-861 
risk categorization in, 861-862 
rocker-soled shoes and, 868-869, 869f 
shoe inserts and, 867-868, 868f 
surgical intervention in management of, 875-876 
walking management and, 866-867 


host interactions and. 279-280 
prevention of, 280 
high-carbohydrate 
lipid/lipoprotein concentrations and, 4411 
weight loss and, 439 
high-fat 
leptin resistance/obesity and, 159 
lipid/lipoprotein concentrations and, 4411 
weight loss on, 439 
high-fiber, 442, 443f 444r 
high-protein/low-carbohydrate, 439 
in hypertension management, 816, 817 
low-calorie, 439 
low-carbohydrate, 439 
low-protein, in diabetic nephropathy, 447, 739-740, 739f 
low-sodium, 443-444 
in hypertension management, 816 
during pregnancy 
gestational diabetes and, 632 
pregestational diabetes and. 627-628 
type | diabetes and, 283, 318-319 
HLA class I alleles and, 284 
type 2 diabetes and, 290-291 
prevention strategies and, 292. 292f 
in older patient, 415 
very-low-calorie, 439 
Dietary supplements. in nutritional management, 444 
Dieticians, health education for diabetes self-management provided by, 
989-990 
Diffuse glomerulosclerosis, in diabetic nephropathy, 723 
Digoxin, a-glucosidase inhibitor interactions and, 546 
Dihydropyridines. for hypertension in diabetes, 818-819, 8187, 819f 
Dipeptidy! peptidase IV 
in GIP metabolism, 87 
in GLP-1 metabolism. 90 
Disability 


“Diabetic hand syndrome,” 898 
Diabetic ketoacidosis. See Ketoacidosis 
Diabetic nephropathy. See Nephropathy 
Diabetic retinopathy. See Retinopathy 
Diabetic Retinopathy Study (DRS), photocoagulation studied in, 682 
Diabetic Retinopathy Vitrectomy Study (DRVS), 686 
Diabetic ulcers, 895-897, 896f, 897f. See also Diabetic foot 
Diacylglycerol (DAG) 
in insulin release, 47 


assessment of in older patient with diabetes, 418 
laws prohibiting discrimination on basis of, 977. 978. See also 
Employment 
interview questions and. 978-979 
protection of diabetics under, 978 
Distal symmetric polyneuropathy, 747, 772-773, 7172r, 781-785, 782f See 
also Neuropathy 
complications of, 783-784 
signs and symptoms of, 782-783 
protein kinase C activation and treatment of, 784-785, 7851 
in renal disease, 707 Diuresis, in hyperglycemic hyperosmolar syndrome, 588-589 
in retinal disease and, 655 Diuretics 
Dialysis, 740 for heart failure, 836-837 
hypoglycemia and, 739 for hypertension in diabetes, 735, 817 
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Diversity (D) segment, of T-cell receptor, 220, 221f 
DKA (diabetic ketoacidosis). See Ketoacidosis 
DN (diabetic nephropathy). See Nephropathy 
DNA, transfer of for molecular studies, methods for, 197-199, 199f 
DNA sequences, in insulin gene transcription regulation, 29-31, 30f 
Documentation, in health education process, 987 
Doege-Potter syndrome, hypoglycemia caused by, 962 
Dogs, animal models of diabetes in, 248-249 
Domperidone, for gastroparesis, 795, 883 
Doppler ultrasound, for lower extremity vascular disease evaluation, 851, 
851f 
Dorsalis pedis bypass, for limb salvage in diabetic foot, 853-854, 853f, 
854f 896 
Dot and blot hemorrhages. See Blot hemorrhages 
DOT (Department of Transportation), guidelines for commercial driving 
by diabetic patients and, 979 
Doxepin, for painful diabetic neuropathy, 785 
DPP. See Diabetes Prevention Program 
DPP IV. See Dipeptidyl peptidase IV 
DQ. See HLA-DQ 
DR. See HLA-DR 
Driver’s licenses, issuing to diabetic patients, 980 
DRS. See Diabetic Retinopathy Study 
Drug/medication use 
assessment of in older patient with diabetes, 419 
diabetes associated with, 268, 318 
erectile dysfunction and, 798, 798: 
glucose metabolism affected by, 417, 417r 
insulin resistance associated with, beta cell adaptation and, 57 
Drusen, hard exudates differentiated from, 664 
DRVS. See Diabetic Retinopathy Vitrectomy Study 
Dumping syndrome, acarbose affecting, 545 
Dwarfism, growth hormone deficiency causing, 426—427 
Dynamin, in insulin mechanism of action, 71 
Dyslipidemia, 805-813 
atherosclerosis and, 170, 805, 807-809, 808/ 823 
chylomicronemia syndrome and, 809 
diabetic nephropathy and, 740 
epidemiology of, 805-806 
exercise affecting, 475 
free radicals in vascular disease and, 847 
glycemic control and, 806-807, 810 
pathophysiology of, 807-809 
treatment of, 809-811, 810r 
in type | diabetes, 805, 806f 
glycemic control and, 806 
pathophysiology and, 807 
in type 2 diabetes, 805, 806f 
glycemic control and, 806-807 
pathophysiology and, 807-809, 808f 
Dystocia, shoulder, macrosomia and, 630, 642 


EIA region, adenovirus, gene transfer and, 198 
E2A gene products, insulin gene expression and, 29, 30, 31 
E3, protection against immune-mediated beta cell destruction and, 211 
E12, insulin gene expression and, 29 
E47, insulin gene expression and, 29, 30, 31 
E-box elements, in insulin gene transcription regulation, 29-30, 30f 31 
Early Treatment Diabetic Retinopathy Study (ETDRS) 

blood pressure and, 679 

classification system of, 669, 669r 

preproliferative changes and, 665, 6691 

comorbidity and, 681, 6817 

macular edema definition and, 668 

photocoagulation and, 682 
Eating. See Fed state; Food/food intake 
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Eating disorders 
insulin omission as feature of, 575 
management of diabetic with, 446 
ECF. See Extracellular fluid 
Echocardiography, in asymptomatic coronary heart disease, 826 
ECM. See Extracellular matrix 
ED. See Erectile dysfunction 
Edema 
cerebral, diabetic ketoacidosis/hyperglycemic hyperosmolar syndrome, 
and, 582-583, 594-598 
diabetic nephropathy and, 733 
in hyperglycemic hyperosmolar syndrome, 596r 
macular. See Macular edema 
pulmonary, in diabetic ketoacidosis, 583 
thiazolidinediones causing, 551, 553 
EDIC. See Epidemiology of Diabetes Interventions and Complications 
study 
EDNO. See Endothelial-derived nitric oxide 
EDRF (endothelium-derived relaxing factor). See Endothelial-derived 
nitric oxide 
Education, for diabetes self-management, 983-991 
assessment and, 985, 985f, 986r 
autonomy/patient empowerment and, 984 
behavioral models relevant to, 984 
cognitive/affective/psychomotor learning and, 983 
content of program for, 987 
documentation of, 987 
evaluation and, 987 
health belief model and, 984 
implementation and, 985f, 987 
individual versus group, 989 
in intensive diabetes management programs, 5061, 509-510, 510r 
needs/resources assessment and, 988 
for older patient with diabetes, 420 
on-site provision of, 988-989 
optimizing learner’s experience and, 983-984, 984r 
planning and, 985-986, 985f, 986f 
process of, 985, 985f 
for diabetes, 985-987 
program materials for, 990 
qualifications of educators and, 989-990 
quality assessment and, 989 
referral for, 989 
scope of practice of educators and, 989-990 
self-efficacy and, 984 
stages of change and, 984, 986r 
structure of program for, 987-988, 988r 
teaching and learning principles and, 983 
team approach to, 987-989, 988r 
Effective osmolarity (Eosm), in hyperglycemic hyperosmolar syndrome, 
587, 5881, 589 
EGF. See Epidermal! growth factor 
EGG. See Electrogastrogram 
elF-2, insulin regulation of protein synthesis and, 73-74 
eIF-2B 
insulin gene expression and, 32, 45 
insulin regulation of protein synthesis and, 73-74 
elF-4A, insulin regulation of protein synthesis and, 73-74 
elF-4E, insulin regulation of protein synthesis and, 73-74 
elF-4F, insulin regulation of protein synthesis and, 73-74 
Ejaculation, retrograde, 799 
Elastosis perforans serpiginosa, 903 
Elderly patients, with diabetes, 415-424 
carbohydrate metabolism changes and, 416-417, 416f 417r 
classification/definition and, 415 
comprehensive assessment and, 417—419, 418r 
epidemiology and, 415—416, 416f 416r 


hyperglycemic hyperosmolar syndrome and, 587, 588, 589, 598 
initial presentation and, 417 
therapy approaches to. 419-422, 420f 421r 
in WHO classification scheme, 269 
Electrical activity, beta cell, in insulin release, 31, 46 
Electrocardiogram (ECG) abnormalities 
in asymptomatic coronary heart disease, 826 
in hyperglycemic hyperosmolar syndrome, 595r 
Electrodiagnostic studies, in diabetic neuropathy diagnosis, 774-777, 
776t 
Electrogastrogram (EGG), in gastroparesis, 88 1 
Electrolyte administration 
in diabetic ketoacidosis, 580s, 581 
in hyperglycemic hyperosmolar syndrome, 5921, 593, 594 
Electrolyte and fluid abnormalities, in diabetic ketoacidosis, 576-578, 
5761, S77t 
Electromyography, in diabetic neuropathy diagnosis, 774-777, 7761 
Electroporation, for gene transfer studies, 197 
Embryonic stem cells, as islet tissue source for transplantation, 212-213, 
944,951 
EMC virus. See Encephalomyocarditis (EMC) virus 
Emergency surgery, 616-617 
EMG. See Electromyography 
Emphysematous cholecystitis, 607 
Emphysematous pyelonephritis, 607 
Employment, for diabetic patient, 977-980 
Amenican Diabetes Association policy and, 978 
discrimination and 
existence of in practice, 978-979 
laws prohibiting, 977, 978 
evaluating job and, 979 
evaluating potential employee and, 080, 977 
problems areas in, 979-980 
safety issues and, 977-978 
Enalapril, diabetic nephropathy affected by, 736f 
Encephalomyocarditis (EMC) virus, in type 1 diabetes, 319 
Endocrine cells, in islets of Langerhans, 43. See also specific type 
Endocrinopathies/endocrine disorders. See also specific disorder 
in alloxan- and STZ-treated animals, 234 
diabetes associated with, 267-268, 425-435, 426r 
hypoglycemia and, 964-965, 968-969 
Endoneurial microenvironment, changes in in diabetic neuropathy, 
756-757, 756f, 848 
Endothelial-derived nitric oxide. See also Nitric oxide 
in diabetic microvascular discase, 846-848, 847f 
cerebrovascular disease/stroke and, 848 
nephropathy and, 703, 709 
Endothelins, in diabetic nephropathy, 708-709 
Endothelium-derived relaxing factor (EDRF). See Endothelial-derived 
nitric oxide 
Endothelium (vascular) 
advanced glycation end-products (AGEs) affecting, 186 
superoxide overproduction and, 190, 190f 847 
in atherosclerotic fatty streak. 165-166 
dysfunction of in diabetes, 175-176, 181-182, 846-848, 847f See also 
Atherosclerosis; Macrovascular disease: Microvascular 
disease 
hyperglycemia and, 181. 182f 
nephropathy and, 709 
Energy balance/metabolism, 1-13 
diabetes affecting, 9-11 
energy forms and, |! 
exercise/physical activity and. 9 
neuroendocrine mechanisms and, 130. 130f 
in fasted state 
diabetes affecting, 10f 11 
early adaptation to starvation, 7, 8f 
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after overnight fast (postabsorptive state), 5-7, 6f 
prolonged fasting and, 7-9, 8f 
in fed state, 2-5. 3f 4f, 5f 
diabetes affecting, 10-11 
food intake and, 151-163 
central control systems and, 156-159, 158f 159f 
meals (initiation and termination) and, 151-154 
weight regulation and. 154-156, 154f 155f 156f 
fuel storage and, 1-2. 2r 
efficiency of, exercise/physical activity and, 454 
fuel utilization and, 2 
in obesity, 401. 402 
peripheral nerve, 751-752 
requirements in nutritional therapy and, 437-439, 438; 
Energy forms. | 
Energy requirements 
estimating, 437, 4387 
in nutritional management, 437-439 
Energy storage, 1—2, 2r 
efficiency of. exercise/physical activity and, 454 
Enteral nutrition. for acutely ill diabetic, 446—447 
Enteric drainage, for pancreas/pancreas-kidney transplantation, 929, 929f 
Enteropathy, gluten-induced (celiac disease), in type 1 diabetes, 885-886 
nutritional management and, 447, 886 
Enteroviruses 
beta-cell autoimmunity and, 283 
in type | diabetes, 283, 320-321 
HLA class II alleles and, 284 
Environmental factors 
in beta-cell autoimmunity, 279 
genetic factor interactions and, 279-280 
in type | diabetes, 283, 316-322, 318r, 950 
genetic factor interactions and. 284 
Eosm. See Effective osmolarity 
Epidemiology of Diabetes Interventions and Complications study (EDIC), 
916 
Epidemiology of diabetes mellitus, 277-300 
type | diabetes and. 277-285, 316-318, 318f 
Epidermal growth factor (EGF). in diabetic nephropathy, 707, 727, 727f 
Epidural anesthesia. metabolic effects of. 611 
Epinephrine 
in diabetic ketoacidosis, 574, 574r 
glucose production/utilization affected by, 128, 128f 
exercise/physical activity and, 456, 461 
hypoglycemia and, 118. 132, 133, 133f 134. 134f 960 
defective responses to. 120, 523, 526, 527f, 528 
deficiency of, 964-965. 969 
in insulin release. 491, 50 
metabolic sites of action of, 428, 4287 
pheochromocytoma producing, glucose intolerance/diabetes and, 428 
stress hyperglycemia and 
hypotension-induced, 131-132 
hypoxia-induced, 130-131 
myocardial infarction-induced. 136 
trauma-induced, 139 
Erb’s palsy. macrosomia and, 630 
Erectile dysfunction. 796-798, 797f, 798r 
Erucic acid, in nutritional management, 441, 442r 
Eruptive xanthomas, 901 
Erythema, necrolytic migratory. 904 
Erythrasma. 605. 900 
Erythritol, in nutritional management, 440r 
Erythroblastosis fetalis. hypoglycemia and, 965 
Erythromycin, for gastroparesis, 796, 883 
Esophageal motor dysfunction. 794. 879-880 
Esophagitis. monilial, 880 
eSS rats. 244 
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Estrogen, placental, insulin resistance and, 620 
Estrogen replacement therapy 
in coronary heart disease prevention, 824-825, 8251 
hypertension and, 820 
Estrogens, glucose production/utilization affected by, 128 
ETDRS. See Early Treatment Diabetic Retinopathy Study 
Ethanol use. See Alcohol consumption 
Ethnicity 
as diabetic retinopathy risk factor, 672-673 
type 1 diabetes prevalence and incidence and, 281, 281f 
type 2 diabetes prevalence and incidence and, 286-287, 286f 
Eukaryotic initiation factors (elF). See also specific type under elF 
insulin gene expression and, 32, 45 
insulin regulation of protein synthesis and, 73-74 
“Euthyroid sick syndrome,” 591 
Evaluation, in health education process, 985f 987 
Exchange system, for meal planning, in intensive diabetes management, 
507 
Excretins, 85 
Exendin-4, for type 2 diabetes mellitus, 955 
Exercise/physical activity 
in coronary heart disease prevention, 824, 825r 
development of obesity and, 401 
diabetic retinopathy development/severity and, 680 
for dyslipidemia, 810 
effects of, 463-468 
energy metabolism affected by, 9, 453-454 
aging and, 417 
neuroendocrine mechanisms and, 130, 130f 
glucose/carbohydrate metabolism affected by, 9, 453, 454-463, 454f 
aging and, 417 
carbohydrate ingestion and, 461-462 
postexercise effects and, 462-463 
glucose production affected by, 454-456, 455f 
glucose uptake in muscle affected by, 457-461, 457f 458f 
glycogenolysis in muscle affected by, 457 
in hypertension management, 816 
hypoglycemia and, 965 
insulin dosage adjustment based on, in intensive diabetes management, 
508 
insulin resistance in obesity and, 379 
insulin sensitivity affected by, 460 
in nondiabetics, 472 
postexercise increase in, 463 
in type 1 diabetes, 464, 472-474 
in type 2 diabetes, 469-471, 472-474, 472f 473f 
lipid metabolism affected by, 453, 456, 810 
metabolic implications of, 453-480. See also specific type of 
metabolism 
delaying exhaustion and, 454 
diabetes prevention and, 468-475 
medical benefits and, 463-468 
substrate metabolism regulation and, 454—463, 454f 
efficiency and, 453-454 
for older patient with diabetes, 421, 4211 
during pregnancy, gestational diabetes and, 633 
in type | diabetes, 464-467 
hyperglycemia effect and, 467, 469f 470f 
inadequate insulinization and, 465 
intense exercise and, 466—467, 468/ 
overinsulinization and, 465-466, 466f 467f 
in type 2 diabetes, 289, 289f 467-468 
disease incidence and prevalence and, 289, 289f 
disease prevention and, 292, 292f, 468-475, 471f, 471r, 473f 474f 
in older patients, 415 
Exercise testing, in asymptomatic coronary heart disease, 826 
EX0O-226, diabetic nephropathy affected by, 710 
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Exocytosis, insulin release via, 45, 47 
molecular studies of, 201 
Experience rating, for group health insurance, 975 
Extracellular fuid, glucose levels in, 117 
Extracellular matrix (ECM) 
AGE affecting, 186 
in diabetic nephropathy, 706 
pathologic changes and, 697 
structural-functional relationships and, 700-701 
Extracorporeal biliary lithotripsy, for gallstones, 888 
Exudates 
hard 
in diabetic retinopathy, 664, 664f 
in macular edema, 667-668, 668f 
soft (cotton-wool spots), in diabetic retinopathy, 654f, 664, 664f 665f 
Eye, pathobiology of, 653-661. See also Cataracts; Retinopathy 


F cells, 43 
F-wave latency, measurement of in diabetic neuropathy diagnosis, 775 
fa/fa (Zucker/lepr “) rats, 241-242 
diabetic (ZDF/Drt-fa), 243 
FAA (Federal Aviation Administration), guidelines for pilots with diabetes 
and, 980 
FABP-2. See Fatty acid binding protein-2 
Facilitated anabolism, in pregnancy, 621-622 
Factitious hypoglycemia, 968 
Factor B, in insulin resistance, 407 
Factor D (adipsin), in insulin resistance, 407 
fa” (SHROB/Koletzky) rats, 245 
Familial hyperglucagonemia, 430 
Familial mild hyperinsulinemic diabetes, 33 
Family history 
in beta-cell autoimmunity, 278 
in type | diabetes, 283 
HLA markers and, 304-305, 305r 
in type 2 diabetes, 287 
obesity and, 403, 403f 
Family/parents, of child/adolescent with type 1 diabetes, 
behavioral/developmental issues and, 565-572 
adolescents, 5661, 568-569 
infants and young children, 565-566, 566r 
interventions/therapy implications and, 569-570 
psychosocial interventions and, 569-570 
school-age children, 566-568, 566r 
team management and, 569 
transition to young adulthood and, 569 
Family and Medical Leave Act (FMLA), 978 
Fas ligand, protection against immune-mediated beta cell destruction and, 
211 
Fasciitis, necrotizing, 900 
FasL. See Fas ligand 
Fasted state. See also Starvation 
metabolism in 
diabetes affecting, 10f 11 
early adaptation to starvation and, 7, 8f 
after overnight fast (postabsorptive state), 5-7, 6f 
prolonged fasting and, 7-9, 8f 
Fasting glycemia, impaired (IFG), 271, 272, 273, 285-286, 291-292 
in older patients, 415 
in type 2 diabetes, 291-292 
in WHO classification scheme, 271, 272r 
Fasting hyperglycemia, insulin-mediated versus non-insulin-mediated 
glucose uptake and, 377-378, 377f, 378r 
Fasting plasma glucose (FPG), 53, 53r, 273 
in ADA classification scheme, 270-271, 270r, 271f 
in NDDG classification scheme, 269-270 
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in older patients, 415 
in type 2 diabetes, 33, 333 
in WHO classification scheme, 271, 272f, 272r 
Fasting plasma insulin, 53s, 54 
Fat. See Adipose tissue; Adiposity 
Fat replacers, in nutritional management, 442 
Fats (lipids) 
acarbose affecting, 545, 806-807 
in atherosclerotic fatty streak, 166 
diabetic retinopathy associated with serum levels of, 6761, 680 
dietary 
leptin resistance/obesity and, 159 
in nutritional management, 440-442, 4411, 442r 
lipid/lipoprotein concentrations and, 441f 
weight loss and, 439 
substitutes for, in nutritional management, 442 
as energy form, | 
energy storage and, ]-2. 2t 
GIP secretion and, 86 
GLP-1 secretion and, 90 
insulin release and, 49, 49r 
metabolism of. See Lipid metabolism 
metformin affecting, 541, 807 
sulfonylureas affecting, 535 
thiazolidinediones affecting, 549 
in type 2 diabetes, 338 
Fatty acid binding protein-2 (FABP-2), in type 2 diabetes, 391 
Fatty acids 
in alloxan treated animals, 234 
dietary, in nutritional management, 441-442, 442: 
exercise affecting, 453, 456 
muscle glucose uptake and, 460—461 
in type 1 diabetes, 464—465 
glucagon secretion and. !00 
inhibition of oxidation of, 954 
in insulin release, 49, 49r 
molecular studies of, 206-207 
obesity and, 408-409 
insulin resistance and, 369, 406—407 
in ketogenesis, 15-16, 16f, 574 
adipose tissue-liver relationship and, 16-17 
biochemical aspects and, 18-20, 18f 
metabolism of, in liver, 18-20, 18f 
in starvation, 8, 8f 
early response and, 7 
in STZ-treated animals, 234 
in type 2 diabetes, 338, 369 
Fatty liver, 888-889 
Fatty streak, in atherosclerosis, 165-167. 166f 
antioxidants affecting development of, 168-169 
diabetes and, 170-171 
Fecal incontinence, 884, 886 
Fed state. See also Food/food intake 
metabolism in, 2-5, 3f 4f, 5f 331 
diabetes affecting, 10-11 
Federal Aviation Administration (FAA), guidelines for pilots with diabetes 
and, 980 
Federal entitlement programs, health insurance available from, 975 
Fee for service payment plans, 974 
Feet. See under Foot 
Felodipine, for hypertension in diabetes, 818 
Female sexual dysfunction, autonomic neuropathy and, 799 
Femoral neuropathy, 773 
Fenofibrate, for dyslipidemia, 810, 811 
Fentanyl/midazolam, metabolic effects of, 611 
Fetal growth disturbances, maternal diabetes and, 623-624, 641. 642, 642f 
Fetal loss, maternal diabetes and, 622-623, 630. 641-642 


Fetus. See also Conceptus 
maternal diabetes affecting, 622-624, 622f, 623f, 641, 642f 
assessment of, 629 
insulin synthesis/secretion by, 624, 641, 642f 
Fever, in hyperglycemic hyperosmolar syndrome, 590 
FFAs. See Free fatty acids 
FGF. See Fibroblast growth factor 
Fiber, dietary 
in hypertension management, 817 
in nutritional management, 442, 443f 444r 
Fibric acid derivatives (fibrates) 
for coronary heart disease, 827 
for dyslipidemia, 810, 810-811, 810r 
Fibrinogen, elevated levels of in diabetes, 176 
Fibrinolysis, thrombosis in diabetes and, 176 
PAI-1 elevations and, 176-177 
Fibroblast growth factor (FGF) 
insulin gene expression and, 45 
basic (bFGF), endothelial cell, AGE formation affecting, 186 
Fibrous plaques, in atherosclerosis 
formation of, 166f 167 
diabetes and, 171, 824 
rupture of, 166f, 167 
diabetes and, 171 
52kd, in type | diabetes, 3117 
First-phase insulin response to glucose. 51, 51f, 54 
in type 2 diabetes, 333, 334f 
Fish oil, for dyslipidemia, 810, 811 
FK506 (tacrolimus) 
for islet cell transplantation, 942 
for pancreas transplantation, 930, 933 
Fluid administration 
in diabetic ketoacidosis, 580, 581 
for hyperglycemic hyperosmolar syndrome, 589, 591, 592r, 593 
Fluid depletion/dehydration 
in diabetic ketoacidosis, 576, 576r 
in hyperglycemic hyperosmolar syndrome, 587, 588f 589, 590 
in older patient with diabetes, 417 
Fluoxetine, for painful diabetic neuropathy, 785 
FMLA (Family and Medical Leave Act), 978 
Foam cells. in atherosclerotic fatty streak, 165-167 
LDL acetylation and, 167 
Focal neuropathies. 7721, 773, 778-781 
Folliculitis, perforating, 903 
Food/food intake, 151. See also Fed state; Meals; Obesity 
assessment of in older patient with diabetes, 418-419, 4187 
energy balance and, 151-163 
central control systems and, 156-159, 158f 159f 
meals (initiation and termination) and. 151-154 
obesity and, 401. 402f 
weight regulation and, 154-156, 154f 155f, 156f 
frequency/timing of, in nutritional management, 444-445 
gustatory sweating and, 801 
insulin dosage adjustment based on, in intensive diabetes management, 
507-508 
molecular mechanisms in regulation of, 401 
prandial (meal-related) insulin and, 488, 488f 951 
surgery and, 612 
Food poisoning. 606 
Foot care, 784, 801, 896-897. See also Diabetic foot 
daily examination and. 871, 896 
proper shoes and, 897 
insoles (shoe inserts), and, 867-868, 868f 
ischemic pressure ulceration and, 863-865, 864f 
pressure footprints and, 869-870, 869f, 870f 871f 
tocker-soled shoes and, 868-869, 869f 
walking management and, 867 
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Foot care, (cont.) 
sudomotor dysfunction and, 801 
for ulcer 
acute care, 871-874, 873f, 874f 875f 
newly healed foot and, 874-875, 875f 
Foot infections, diabetic, 604, 850, 850f See also Diabetic foot 
acute care of, 872 
Foot ulcers, diabetic/neuropathic, 783-784, 783f 849-850, 851, 896, 896f, 
897f. See also Diabetic foot 
acute care of, 871-874, 873f 874f, 875f 
care of newly healed foot and, 874-875, 875f 
direct mechanical damage and, 865, 865f 
early identification of, 860 
ischemic pressure and, 863-865, 864f 
moderate repetitive stress and, 865-866, 866f 867f 
risk categorization and, 861-862 
skin blood flow and, 800, 801 
total contact cast in management of, 872-874, 873f, 874f 875f 
Footprints, pressure, diabetic foot care and, 869-870, 869f, 870f 871f 
Forbe’s disease, 963 
Formative (process) evaluation, in health education for diabetes self- 
management, 987 
Fovea, 663, 664f 
Foveola, 663 
FPG. See Fasting plasma glucose 
Free fatty acids 
in alloxan treated animals, 234 
exercise affecting, 453, 456 
muscle glucose uptake and, 460-461 
in type | diabetes, 464-465 
glucagon secretion and, 100 
in insulin release, 49, 49r 
molecular studies of, 206-207 
obesity and, 408-409 
insulin resistance and, 369, 406—407 
in ketogenesis, 15-16, 16f, 574 
adipose tissue—liver relationship and, 16-17 
biochemical aspects and, 18-20, 18f 
in STZ-treated animals, 234 
in type 2 diabetes, 338, 369 
Free radicals (oxidative stress/oxygen radicals) 
agents for reduction of, 956 
in diabetic nephropathy, 709-710 
in diabetic neuropathy, 757-758 
autonomic dysfunction and, 790 
programmed cell death and, 758-759 
sorbitol-osmotic hypothesis and, 752-753 
in hyperglycemia-induced microvascular disease, 188-191, 189f, 190f 
847 
future drug targets for management and, 192 
Friction blisters/ulcers, loose fitting shoes and, 864 
Fructose, accumulation of, in autonomic neuropathy, 790 
Fructose (sweetener), in nutritional management, 439, 440r 
Fructose-2,6 bisphosphate, in gluconeogenesis, 103, 103 
Fructose- | ,6-disphosphatase deficiency, hypoglycemia caused by, 963, 
969 
Fructose intolerance, hereditary, hypoglycemia caused by, 963, 969 
Fructose-6 phosphate, glycolysis and gluconeogenesis affected by, 103, 103f 
Fuel-mediated teratogenesis, 622, 622f, 642, 644-648 
Fuel metabolism, 1-13 
conceptus affecting, 621-622, 621f 
diabetes affecting, 9-11 
energy forms and, | 
exercise/physical activity and, 9, 453-454 
neuroendocrine mechanisms and, 130, 130f 
in fasted state 
diabetes affecting, 10f 11 
early adaptation to starvation, 7, 8f 


after overnight fast (postabsorptive state), 5-7, 6f 
prolonged fasting and, 7-9, 8f 
in fed state, 2-5, 3f 4f, Sf 
diabetes affecting, 10-11 
fuel storage and, 1-2, 2r 
efficiency of, exercise/physical activity and, 454 
fuel utilization and, 2 
molecular mechanisms of insulin secretion and, 199-209 
peripheral nerve, 751-752 
in pregnancy, 619, 621-622, 621f 
fetal development affected by, 622-624, 622f 623f, 641, 642f 
gestational diabetes and, 632, 633, 633-634 
Fuel storage, 1-2, 2¢ 
efficiency of, exercise/physical activity and, 454 
Functional hypoglycemia, 960, 963-966 
Functional status, assessment of in older patient with diabetes, 418 
Fungal infection 
systemic, 608 
urinary tract, 607 
Furin, proinsulin cleavage by, 25 


G1262570, 553 
GA. See Granuloma annulare 
Gab-1 protein, in insulin mechanism of action, 69r 
Gabapentin, for painful diabetic neuropathy, 785, 785r 
GAD antibodies (GADA), in type 1 diabetes, 3112, 312, 313 
natural history and, 303 
Gadoleic acid, in nutritional management, 442r 
Galactosemia, hypoglycemia caused by, 963, 969 
Galanin 
in insulin release, 491, 50-51 
type 2 diabetes and, 337-338 
Gallbladder motility, disorders of in autonomic neuropathy 
(cholecystopathy/gallbladder atony), 796, 886-887 
Gallstones, 887-888 
Gamma interferon. See Interferon-y 
Gangrene, diabetic, 605 
Gas-forming infections 
cholecystitis, 607 
urinary tract, 607 
Gas gangrene, 605 
Gastric acid, GIP affecting secretion of, 89 
Gastric disorders, 880-884 
Gastric dysrhythmias, in autonomic neuropathy, 794-795, 881 
Gastric emptying, evaluation of 
in alimentary hypoglycemia, 968 
in gastroparesis, 881, 881f 882/ 
Gastrin 
glucagon release and, 99 
insulin release and, 94 
Gastrinoma (Zollinger-Ellison syndrome), glucose intolerance in, 431-432 
Gastritis, atrophic, 884 
Gastroenteritis, 606 
Gastroesophageal reflux, 879 
Gastrointestinal autonomic neuropathy, 7721, 773, 794-796, 795f 
esophageal motor dysfunction and, 879 
gastroparesis and, 794-796, 795f, 880-884, 88 1f; 882f 882r 
Gastrointestinal disorders, 879-894. See also specific type or structure or 
organ affected 
acarbose/miglitol contraindicated in, 545 
biliary, 886-888 
esophageal, 879-880 
gastric, 880-884 
hepatic, 888-890 
infections, 606 
intestinal 
large intestine, 886 
small intestine, 884-886 


pancreatic, 890-891 
as side effect of acarbose/miglitol, 546 
Gastrointestinal hormones. See also specific type 
in insulin release, 49-50, 491, 85-96 
Gastrointestinal/gastric inhibitory polypeptide. See Glucose-dependent 
insulinotropic polypeptide 
Gastrointestinal motility 
esophageal, 879-880 
GLP-1 affecting, 92 
Gastrointestinal tumors, hypoglycemia caused by, 962 
Gastroparesis diabeticorum, 794-796, 795f, 880-884, 88 1f, 882f, 
8821 
nutritional management and, 447, 795, 882 
in pregnancy, 625 
GBM. See Glomerular basement membrane 
GDM. See Gestational diabetes mellitus 
GDP, p2Iras binding and, 75 
GEF. See elF-2B 
Gemfibrozil 
for coronary heart disease, 827 
for dyslipidemia, 809, 810. 810r 
Gender 
diabetic retinopathy prevalence and incidence and, 674 
type 1 diabetes prevalence and incidence and, 281 
type 2 diabetes prevalence and incidence and, 288, 288f 
Gene-disrupted animals, for diabetes research, 2311, 238-244 
insulin-resistant rodents with diabesity, 2311, 238-240 
insulin-resistant rodents with sustained insulin secretion, 240-244 
Gene expression, AGEs affecting, 186-187 
Gene-induced insulin resistance, 57, 354-358, 380-386, 390-392 
beta cell adaptation to, 57 
Gene transfer studies. See also Genetic engineering 
of insulin synthesis/secretion, 199-209 
beta cell phosphorylation and, 200-201. 202-203 
general mechanisms and, 199-202, 200f 
glucose-lipid metabolism link and, 201, 206-207, 208-209f 
glucose transport and, 200-201, 202-203 
insulin signaling in beta cells and, 208-209 
stimulus/secretion coupling factors and, 203-206, 204f, 205f 
methods of, 197-199, 199f 
physicochemical transfection strategies in, 197 
transgenic animals used in, 197-198 
viral vectors used in, 198-199, 199f 
Genetic disorders. See also specific disorder 
diabetes in patients with, 268 
Genetic engineering. See also Gene transfer studies 
animal models for diabetic research and, 2311, 238-244 
insulin-resistant rodents with diabesity, 2311, 238-240 
insulin-resistant rodents with sustained insulin secretion, 
240-244 
insulin replacement therapy and, 210-214, 212f, 213f 950 
cell-lines for glucose-stimulated insulin secretion and, 210-211 
cell-lines for resistance against immunological attack and, 211. 212f 
213f 
human cell therapy and, 211-214 
Genetic factors 
in beta-cell autoimmunity, 278-279 
environment interactions and, 279-280 
in diabetic nephropathy, 183, 184f, 704-706, 7251, 726-727, 727f 
in diabetic retinopathy, 673-674 
in insulin resistance, 57, 354-358, 380-386, 390-392 
in latent autoimmune diabetes of adulthood, 304 
in microvascular disease, 182-183, 184f 
in obesity, 401, 402f 
in type | diabetes, 283 
environment interactions and, 284 
in type 2 diabetes, 288, 288f 347-350, 374, 390-392 
Genitourinary autonomic neuropathy, 7721, 773, 796-799, 797f 
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Genome scanning, for genetic markers 
for type | diabetes, 311 
type 2 diabetes, 349-350 
Geographic location 
type | diabetes prevalence and incidence and, 279f 281, 316-317 
type 2 diabetes prevalence and incidence and, 286-287, 286f 
Geriatric patients. See Elderly patients 
Gestational diabetes mellitus, 268, 619, 630-633. See also Pregestational 
diabetes mellitus; Pregnancy 
classification of, 625-626, 626r 
definition of, 619, 625, 630 
diagnostic criteria for, 272f, 631-632, 6311 
etiology and pathogenesis of, 632 
incidence of, 625, 630 
management of, 632-634 
neonatal macrosomia and, 623-624, 642 
nutritional management and, 446, 632 
placental lactogen in. 369 
postpartum follow-up and, 633-634 
risk factors for, 289 
screening for, 630-632, 6311 
type 2 diabetes risk in offspring and, 290, 290f, 646-648, 647f 
GFAT. See Glucosamine fructose amino transferase: Glutamine:fructose-6- 
phosphate amidotransferase 
GH. See Growth hormone 
GHBP. See Growth-hormone binding protein 
GIK regimen. See Glucose/insulin/potassium (GIK) regimen 
GIP. See Glucose-dependent insulinotropic polypeptide 
GK rats (Goto-Kakizaki) rats, 247 
Glaucoma, 689 
neovascular, 658, 658f 
tubeotic, vitrectomy causing, 685-686, 689 
GlcNac, in hyperglycemia-induced microvascular disease, 187-188, 188f 
Glibenclamide. 531, 532r 
pharmacokinetics of, 533 
Glicentin, synthesis/secretion of. 98 
Glicentin-related pancreatic peptide (GRPP), synthesis/secretion of, 97, 
98f 
Gliclazide, 531, 532r 
pharmacokinetics of. 5331 
Glimepiride, 531, 5321 
clinical use/efficacy of, 533-534 
diabetic nephropathy and. 738 
extrapancreatic effects of, 534 
Glipizide, 531, 532r 
clinical use/etficacy of, 533 
diabetic nephropathy and, 738 
dosing recommendation for, 535 
pharmacokinetics of, 533r 
Glitazones, 546-553. See also Thiazolidinediones 
in combination therapy. 554-555 
with insulin, 558° 
with insulin secretagogue, 554 
sites of action of. 532f 
Glitinides. 519 
Glomerular basement membrane. in diabetic nephropathy, 723-724, 724f 
glycemic control and, 702, 702f 
pathologic changes and. 697-700. 698f 699f 
structural-functional relationships and, 701, 702 
Glomerular filtration rate. in diabetic nephropathy. 728-729, 730-731, 
730f 
antihypertensive therapy and, 733, 734f. 735f, 7351 
pathologic changes and. 699, 700 
as predictor of progression, 702-704 
structural-functional relationships and, 700-701, 701f, 702 
Glomerulosclerosis (diabetic), 723-724, 724f: See also Nephropathy 
clinical course of, 730 
pathogenesis of. 725-727, 7251, 726f, 727f 
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Glomerulus, in diabetic nephropathy, 697-700, 698f, 699, 723-724, 724f 
GLP-1, 2, 26, 31, 45, 49r, 50, 89-94 
in diabetes, 92-94, 93f 
distribution/synthesis/secretion of 88f 89-90, 97-98, 98f 
effects of, 92 
glucagon secretion and, 99, 955 
incretin function of, 90-92, 91f 
insulin secretion in type 2 diabetes and, 334, 955-956 
receptor for 
defects/dysfunction of, 91-92 
signaling through, 90 
therapeutic use and, 92-93 
GLP-1[7-36 amide]. See also GLP-1 
in insulin release, 497, 50 
GLP-2, synthesis/secretion of, 97, 98, 98f 
Glucagon, 97-115 
deficiency of, 110-111, 111f 
hypoglycemia and, 110, 965, 968 
in diabetes, 109-111, 111f 
in diabetic ketoacidosis, 574, 574r 
effects of, 104-108, 105f 106f 107f, 108f 
gene/gene products of, 97, 98 
in glucoregulation, 104, 331-332, 332f, 429r 
autonomic response to hypoglycemia and, 132-135, 133f 134f 
counterregulatory defenses against hypoglycemia and, 118, 960. See 
also Counterregulation/counterregulatory hormones 
defects in in diabetes, 120 
glucose production and, 102-104, 102f, 103f 104-108, 105%. 106f 
107f, 108f 331-332, 332f, 960 
exercise and, 454-456, 455f 
hypoglycemia recovery and, 132-135, 133f 134f, 960 
ketogenesis and, 104, 108-109, 109f 110f 574, 574r 
in pregnancy, 622 
for hypoglycemia, 970 
insulin affecting, 104 
insulin resistance and, 369 
insulin secretion/action affected by, 429r 
in ketogenesis, 17-18, 17f, 104, 108-109, 109f L10f 574, 574 
liver enzymes affected by, 101-104, 102f, 103f 
metabolic effects of, 101 
metabolic sites of action of, 428r 
for nesidioblastosis, 970 
preproglucagon tissue expression and, 97-98, 98f 
receptor for 
signaling through, 100-101, 101/ 
in type 2 diabetes, 349 
synthesis/secretion of, 98-100, 99f 100f 100r 
in alloxan- and STZ-treated animals, 234 
by alpha cells, 43 
burn injury affecting, 139 
GIP in, 88 
GLP-1 in, 92 
hypotension/shock affecting, 132 
hypothermia affecting, 135 
hypoxia affecting, 131 
inhibition of, 955 
by islet cell tumor, 429-430, 430r 
in type 2 diabetes, 334-336, 336f 
Glucagon-like peptides, 2, 26, 31, 45, 49r, 50, 89-94. See also specific 
type under GLP 
in diabetes, 92-94, 93f 
distribution/synthesis/secretion of, 89-90, 97-98, 98f 
effects of, 92 
incretin function of, 90-92, 91f 
insulin secretion in type 2 diabetes and, 334, 955-956 
receptor for 
defects/dysfunction of, 91-92 
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signaling through, 90 
therapeutic use and, 92-93 
Glucagon test, hypoglycemia in glycogen storage diseases and, 969 
Glucagonoma, 109-110, 429-430, 430r, 904 
biochemical features of, 430 
clinical features of, 429-430, 430r 
dermatitis in, 904 
diabetes associated with, 268, 429-430, 430r 
treatment of, 430 
Glucocorticoids 
counterregulatory response to hypoglycemia affected by, 121-122, 121f 
insulin resistance and, 368 
in Cushing’s syndrome, glucose intolerance/diabetes and, 427-428 
deficiency of, hypoglycemia and, 964, 969 
hypoglycemia recovery and, 132, 960 
insulin secretion/action affected by, 429r 
for malignant insulinoma, 970 
metabolic sites of action of, 428r 
in pregnancy, 621 
Glucokinase, 956 
in genetically engineered insulin-secreting cells, 210, 238 
insulin gene expression and, 31 
molecular studies of mechanisms of action of, 200-201, 202-203 
mutations in 
in maturity-onset diabetes of the young (MODY-2), 33, 46, 202, 267, 
351-353, 352f, 353f 
in type 2 diabetes, 348 
Gluconeogenesis. See also Glucoregulation; Glucose, synthesis/secretion 
of 
counterregulatory hormones affecting, 4281. See also 
Counterregulation/counterregulatory hormones 
in diabetic ketoacidosis, 574, 574r 
exercise/physical activity affecting, 9, 454-456, 454f 455f 
in fasted state 
early adaptation to starvation and, 7 
after overnight fast (postabsorptive state), 5—6 
during starvation, 8 
glucagon affecting, , 102-104, 102f 103f 104-108, 105f 106f 107/, 
108f 331-332, 332/7, 960 
inhibition of, 954 
islet amyloid polypeptide (IAPP) affecting, 35 
metformin affecting, 540 
in type 2 diabetes, 375-377, 376f 
Glucoregulation. See also Gluconeogenesis; Glucose, synthesis/secretion 
of 
abnormal, development of diabetes in offspring of diabetic parents and, 
646-648, 647f 
glucagon in, 104, 331-332, 332f 429r, 960 
autonomic response to hypoglycemia and, 132-135, 133f, 134f 
counterregulatory defenses against hypoglycemia and, 118, 960. See 
also Counterregulation/counterregulatory hormones 
defects in in diabetes, 120 
glucose production and, 102~104, 102f 103f, 104-108, 105f 106f, 
107f, 108f 331-332, 332f 960 
exercise and, 454456, 455f 
hypoglycemia recovery and, 132-135, 133f 134f 960 
ketogenesis and, 104, 108-109, 109f 110f 574, 574r 
in pregnancy, 622 
portal signal in, 122-124, 122f 123f 
afferent limb of, 123-124 
efferent limb of, 124 
Glucosamine fructose amino transferase, glucose resistance in type 2 
diabetes and, 341 
Glucose 
absorption of during peritoneal dialysis, 739 
administration of 
for hypoglycemia, 970 
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for nesidioblastosis, 970 
during surgery, 612, 615, 615r 
in GIK regimen, 614-615, 615r 
postoperative management and, 616 
in IP/GK regimen, 614 
blood/plasma levels of. See also Glucoregulation; Glycemic control; 
Hyperglycemia; Hypoglycemia; Normoglycemia 
“casual,” 273 
counterregulatory mechanisms in control of, 118, 524-525, 525r, 
960. See also Counterregulation/counterregulatory hormones 
defects in in diabetes, 120-122, 121f, 525-526, 960 
hypoglycemia risk factors and, 526-529, 5271, 528r 
in diabetic ketoacidosis, 574-575, 574r 
in diabetic ketoacidosis, 575-576 
fasting, 53, 531, 273 
glucagon secretion affected by, 99, 99f, 100, 110-111, 111f 
in type 2 diabetes, 335-336, 336f 
in hyperglycemic hyperosmolar syndrome, 587, 590 
insulin dosage adjustment based on, in intensive diabetes 
management, 507 
in insulinoma, 967 
meal initiation and, 152-153 
neuroendocrine control of, 127, 128f 
in non-islet cell tumor hypoglycemia, 968 
portal signals in control of, 122-124, 122f 123f 
“random,” 273 
self-monitoring of, 508-509, 5087, 951. See also Blood glucose self- 
monitoring 
sensing changes in, 119, 119-120, 119f 
defects in, 121 
neuroendocrine findings in type 2 diabetes and, 142 
surgery affecting, 612 
tests for determination of, 273-274 
brain levels of, 117 
sensing changes in, 119, 119-120, 119f 
defects in, 121 
extracellular fluid levels of, 117 
GIP response to, 86, 88f 
GLP-1 response to, 88f 89, 90 
insulin response to, 2, 3f, 31-32, 48-49, 491, 51-52, SIf, 52f, 54-55, 55f 
counterregulation and, 118, 524-525, 525r, 960 
desensitization and, 52 
first-phase release and, 51, 51f, 54 
in type 2 diabetes, 333, 334f 
genetically-engineered cell lines for, 210-211 
hypoxia affecting, 131 
islet amyloid polypeptide (IAPP) affecting, 35 
lipid metabolism and, 201, 206-207, 208-209f 
long-chain acy] CoA/malonyl CoA in, 48, 201, 206-207 
molecular mechanisms of, 199-202, 200f, 202-203 
disorders of in diabetes, 32-33 
portal signal affecting, 122-124, 122f, 123f 
potentiation and, 51-52, 52f, 334 
priming and, 52 
second-phase release and, 51, 51f, 54-55 
in type 2 diabetes, 333, 334f 
stimulus/secretion coupling factors and. 203—206, 204f, 205f 
in type 2 diabetes, 333, 333f 334f 335f 
intravenous, for hypoglycemia, 970 
metabolism of. See Glucose/carbohydrate metabolism 
nervous system needs for, 2 
PAI-1 affected by, thrombosis and, 177 
phosphorylation of, molecular studies of, 200-201, 202-203 
synthesis/secretion of. See also Gluconeogenesis; Glucose/carbohydrate 
metabolism 
burn injury affecting, 138-139, 138/ 
cold stress affecting, 135-136, 136f 


exercise/physical activity affecting, 453, 454-456, 455f 
in type | diabetes, 464-465 


glucagon in regulation of, 102-104, 102f 103f, 104-108, 105f 106% 


107f, 108f 331-332, 332f 960 
neuroendocrine factors in regulation of, 127—129, 128f 
in type 2 diabetes, 375-377, 376f 
transport of. See Glucose transport 
uptake of. See Glucose uptake 
Glucose-alanine cycle, 6-7 
Glucose challenge test, for gestational diabetes screening, 631 


Glucose clearance, exercise/physical activity in diabetes and, 467, 469f, 


470f 
Glucose counterregulation. See Counterregulation/counterregulatory 
hormones 
Glucose-dependent insulinotropic polypeptide (GIP/gastrointestinal 
inhibitory polypeptide), 2, 49, 497, 85-89 
in diabetes, 89 
distribution/synthesis/secretion of, 86-87, 88f 
effects of, 88-89 
incretin function of, 87-88, 91f 
proinsulin expression under, genetic therapy studies and, 213-214 
receptor for, signaling through, 87 
Glucose homeostasis. See Glucoregulation; Glucose/carbohydrate 
metabolism 
Glucose/insulin/potassium (GIK) regimen 
for acute MI, 832-833 
for glycemic control during surgery, 614-615, 615¢ 
postoperative management and, 616 
Glucose intolerance, 430 
in acromegaly, 267, 426 
in carcinoid syndrome, 432 
in Cushing’s syndrome, 427-428 
in gastrinoma (Zollinger-Ellison syndrome), 431-432 
in glucagonoma, 430, 430r 
growth hormone excess and, 267, 425, 426 
hypertension in elderly and, 417 
in hyperthyroidism, 429 
in multiple endocrine neoplasia, 432 
in pancreatic cholera syndrome, 432 
in POEMS syndrome, 432 
in primary hyperaldosteronism, 428-429 
screening for in pregnancy, 630-631, 631r 
Glucose/carbohydrate metabolism, 331-332, 332f 
adipose tissue in, 3, 3f 
age-related changes in, 416-417, 416f 417r 
in alloxan treated animals, 233 
CNS regulation of, 117-126 
conceptus affecting, 621-622, 621f 
drugs affecting, 417, 417r 
exercise/physical activity affecting, 9, 453, 454-463, 454f 
aging and, 417 
carbohydrate ingestion and, 461-462 
hyperglycemia and, 467, 469f 470f 
postexercise metabolism and. 462-463, 463f 
in type 1 diabetes, 464-465 
in type 2 diabetes, 469-471, 472f 
in eye, diabetic retinopathy and, 655 
in fasted state 
early adaptation to starvation and, 7 
after overnight fast (postabsorptive state), 5-7, 6f 
transition to prolonged fasting and, 7-9, 8f 
in fed state, 2-3, 3f, 4f 
in gestational diabetes, 632 
monitoring, 633 
postpartum follow-up and, 633-634 
glucagon affecting, 97-115. See also Glucagon 
glucose-mediated glucose uptake and, in type 2 diabetes, 341, 377 
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Glucose/carbohydrate metabolism (cont. ) a-Glucosidase inhibitors, 543-546 
hypothermia affecting, 135-136, 136f cardiac effects of, 545 
insulin gene expression and, 31-32 clinical use and efficacy of, 544, 544f 
in insulin release, 45—46 contraindications to, 545-546 
insulin resistance/type 2 diabetes and, 339, 339f, 375-377, 376f dosage recommendations and, 545 
liver in, 2-3, 3f drug interactions and, 546 
functional aspects of, 386-390, 386f. 387f 3871, 388/, 389f 390f in dumping syndrome, 545 
glucagon and, 101-104, 102f 103f insulin sensitivily affected by, 544-545 
insulin resistance in type 2 diabetes and, 339, 339f, 375-377, 376f insulin therapy compared with, 518r 
muscle in, 3, 3f lipid levels affected by, 545 
neuroendocrine control of, 127, 128f mechanism of action of, 543 
normal physiology of, 331-332, 332f pharmacokinetics of, 543-544 
peripheral nerve, 751-752 in prevention of type 2 diabetes, 545 
in pregnancy, 619, 621-622, 621f in reactive hypoglycemia, 545 
fetal development affected by, 622-624, 622f 623f, 641, 642f side effects of, 545-546 
gestational diabetes and, 632, 633, 633-634 sites of action of, 532f 
sepsis affecting, 138 in type | diabetes, 544 
stress affecting, 127-149. See also Suess hyperglycemia weight loss and, 545 
in STZ-treated animals, 233 Glucostatic hypothesis, 152 
tests for evaluation of, 273-274 Glucosuria 
Glucose-6-phosphatase, 5 in diabetic nephropathy, 731 
Glucose potentiation, 51-52, 52f 334 in hyperglycemic hyperosmolar syndrome, 588-589 
Glucose resistance, in type 2 diabetes, 341 Glucotrol. See Glipizide 
Glucose sensors, for blood glucose testing, 508-509, 951 GlucoWatch(@®), 509 
Glucose-stimulated insulin secretion. See Glucose, insulin response to GLUT-1 transporter, 3, 117, 118f 
Glucose tolerance, impaired (IGT), 268, 273, 291. See also Glucose in diabetic nephropathy, 702 
intolerance overexpression of, microvascular disease in diabetes and, 181, 183f 
in ADA classification scheme, 270 sulfonylureas affecting, 534 
incretin effect and, 85 thiazolidinediones affecting, 547 
in NDDG classification scheme, 269, 270 GLUT-2 transporter, 46 
in older patients, 415 in genetically engineered insulin-secreting cells, 210 
in type 2 diabetes, 291-292, 373-374 molecular studies of, 200, 202-203 
prevention of disease progression and, 292-293, 292f in type 2 diabetes, 349 
exercise/physical activity in, 469, 471r GLUT-3 transporter, 3 
in older patients, 415 GLUT-4 transporter, 3, 4, 72-73 
in WHO classification scheme, 270, 271, 272f, 272r exercise/physical activity and, 9, 459-460 
Glucose tolerance tests, 53-54, 531, 273-274 postexercise glucose uptake and, 463 
in ADA classification scheme, 270-271, 2701, 272-273, 273-274 insulin regulation of, 72-73 
in NDDG classification scheme, 269-270 insulin resistance and, 57, 383, 384-385, 390 
in WHO classification scheme, 269, 270, 271, 272-273, 273-274 surgery-related, 612 
Glucose transport overexpression of gene for. animal model of, 238 
in diabetic nephropathy, 702 pregnancy affecting, 620 
insulin in regulation of, 72-73 sulfonylureas affecting, 534 
insulin resistance/type 2 diabetes and, 383-385, 383/, 384f 389-390, thiazolidinediones affecting, 547 
390f type 2 diabetes and, 57, 383, 384-385, 390 
free fatty acids and, 407 Glutamate, insulin synthesis/secretion and, 31 
metformin affecting, 540 as stimulus/secretion coupling factor, 203-204 
molecular studies of regulatory role of, 200-201, 202-203 Glutamate decarboxylase, in type | diabetes, 311r 
sarcolemma, exercise/physical activity and, 459-460 Glutamine. in fuel metabolism in postabsorptive state, 6 
sulfonylureas affecting, 534 Glutamine: fructose-6-phosphate amidotransferase (GFAT), inhibitors of, 
surgery-related insulin resistance and, 612 for microvascular disease, 192 
in vascular endothelial cells, hyperglycemia and, 181, 182f Glutathione (GSH), polyol pathway flux affecting, 185 
Glucose transport gradient, exercise-induced muscle glucose uptake and. Gluten-induced enteropathy (celiac disease), in type 1 diabetes, 885- 
457-459, 458f 886 
Glucose transporters. See also under GLUT and Glucose transport nutritional management and, 447, 886 
antibodies to, 3111 21*Gly-30"a-L-Arg-30"b-L-Arg—human insulin. See Gly*?!Arg®*' Arg- 
Glucose uptake human insulin 
counterregulatory hormones affecting, 4281 Gly**!Arg®?'Arg**-human insulin (insulin glargine), 488, 489, 492, 493/, 
glucose-mediated, 341. 377 495-496, 496f, 950-951 
hepatic, in type 2 diabetes, 377 in multiple daily injection (MDI) regimen, 504 
insulin-mediated versus non-insulin-mediated, 377-378, 377f 3787 Glyburide, 531, 532r 
in insulin release, 45—46 clinical use/efficacy of, 533 
muscle, exercise-induced, 457—461. 457/; 458f diabetic nephropathy and, 738-739 
humoral factors and, 460-461 dosing recommendations and, 535 
postexercise metabolism and, 462-463 extrapancreatic effects of, 534 
in type 1 diabetes, 464—465 pharmacokinetics of. 533r 


in type 2 diabetes, 341, 377 during pregnancy, 536 
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Glycation 
advanced end-products of. See Advanced glycation end-products 
nonenzymatic 
atherosclerosis and, 170 
cataract formation and, 659 
in diabetic neuropathy, 758 
autonomic dysfunction and, 790 
limited joint mobility and, 898-899 
Glycemic control. See also Intensive diabetes management; Normoglycemia 
cardiovascular autonomic neuropathy and, 792-793 
cataract development and, 689 
complications and, 909-926. See also specific complication or study 
epidemiologic and observational studies in assessment of, 909-911 
intervention trials in assessment of, 911-921 
post-transplantation studies in assessment of, 921-922 
in coronary heart disease prevention, 825, 825r 
dialysis affecting, 739, 740 
dyslipidemia and, 806-807, 810 
in type 1 diabetes, 806 
in type 2 diabetes, 806-807 
exercise affecting, 473-474 
gastroparesis and, 795, 880 
hypertension affected by, 820 
hypoglycemia as limiting factor in, 523-524 
nephropathy developmenuseverity and, 602, 702, 702f, 703f, 738, 738t, 
916-918, 916r, 917f 
neuropathy development/severity and, 747-749, 773-774, 916r, 918 
autonomic, 749-750, 792-793, 916r, 918 
in older patients, 420-422, 420f 421f 
with oral antidiabetics, 531, 532r 
during pregnancy, 624 
congenital malformations and, 622-623, 623f, 642 
gestational diabetes and, 633 
pregestational diabetes and, 628-629 
retinopathy developmentseverity and, 675-677, 676f, 6761, 677f, 6771, 
678f, 915-916, 9161, 917f 
skin complications of, 904 
skin disorders affected by, 899 
during surgery, 144, 145, 612, 613-616 
aims of, 612 
metabolic effects of surgery and, 612 
preoperative assessment and, 612, 613 
in type | diabetes, 613-615, 6141, 615r 
in type 2 diabetes, 615-616 
Glycemic index of foods, 439-440 
Glycemic potentiation, slope of, 531, 55, 55f, 334 
Glyceraldehyde-3-phosphate dehydrogenase, superoxide overproduction 
affecting, 190 
Glycerol, in insulin secretion, 204-206, 205f 
a-Glycerophosphate, in fat metabolism, 4, 5f 
Glycerophosphorylcholine, in sorbitol-osmotic hypothesis of diabetic 
neuropathy, 752-755 
Glycoamylase, acarbose/miglitol inhibition of, 543 
Glycogen, | 
counterregulatory hormones affecting, 428r 
as energy form, | 
energy storage and, 1-2, 2r 
hepatic 
in fed state, 2-3, 3f 4f 
in Starvation, 7 
inborn errors of metabolism of, hypoglycemia caused by, 963, 969 
muscle, exercise/physical activity affecting breakdown of, 457 
synthesis/secretion of 
insulin in regulation of, 75 
insulin resistance/type 2 diabetes and, 385-386 
stimulation of, 954 
utilization of, 2 


Glycogen-laden hepatomegaly, 888, 889f 
Glycogen storage diseases, hypoglycemia caused by, 963, 969 
Glycogen synthase 
insulin regulation of, 74 
in insulin resistance/type 2 diabetes, 385, 390 
Glycogen-synthase kinase-3 (GSK3), insulin regulation of glycogen 
synthesis and, 74 
Glycogenolysis 
hepatic 
exercise/physical activity affecting, 9 
in fasted state 
early adaptation to starvation and, 7 
after overnight fast (postabsorptive state), 56 
in fed state, 2-3 
glucagon affecting, 102, 102f 
hypotension/shock affecting, 132 
muscle, exercise/physical activity and, 457 
Glycohemoglobin (glycosylated hemoglobin), in glycemic control 
evaluation, 274 
Glycolysis, glucagon affecting, 102-104, 102f 103f 
Glycoprotein IIb/IIIa, for acute coronary syndromes, 833 
Glycosylated hemoglobin. See Glycohemoglobin 
Glycosylation products. See also Advanced glycation end-products 
in diabetic nephropathy, 710-711, 727, 727f 
Glynase. See Glyburide 
Glyoxalase-I, overexpression of, AGE-related, 186 
Glyset. See Miglitol 
Gm allotypes, type 1 diabetes association and, 310 
Goal-setting, in health education for diabetes self-management, 985-986 
Golgi apparatus, insulin synthesis and, 24-25, 26f, 45 
Goto-Kakizaki (GK) rats, 247 
GR/GS neurons, 120 
Gram-negative rod bacteremia, 608 
Granuloma annulare, 902 
Grb2, in insulin mechanism of action, 70, 71 
Grb10, in insulin mechanism of action, 69r 
Group A streptococcal infection, cutaneous, 900 
Group B streptococcal infection 
bacteremia, 608 
cutaneous, 900 
Group classes, for health education for diabetes self-management, 989 
Group health insurance, 975 
Growth factor receptor—bound proteins, in insulin mechanism of action, 
691, 70, 71 
Growth factors. See also specific type 
in diabetic nephropathy, 706-707, 727, 727f 
in diabetic neuropathy, 761-762 
in diabetic retinopathy, 656-658, 656f, 670 
inhibition of, 956 
Growth hormone 
action of, 425-426 
metabolic sites of, 428, 4287 
deficiency of, hypoglycemia and, 964, 969 
in diabetic ketoacidosis, 574, 574r 
in diabetic nephropathy, 706-707 
in diabetic retinopathy, 657-658, 670 
diabetogenic effects of, 425-427 
glucose production/utilization affected by, 128, 128f 425-426 
hypoglycemia recovery and, 118, 132, 960 
insulin resistance and, 368, 955 
insulin secretion/action affected by, 4291, 955 
secretion of, 425-426 
diabetes associated with disorders of, 426-427 
stress hyperglycemia and 
burn-induced, 139 
trauma-induced. 139-140 
Growth-hormone binding protein (GHBP), 425-426 
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Growth retardation, intrauterine (IUGR), maternal diabetes and, 624 
GRPP. See Glicentin-related pancreatic peptide 
GS/GR neurons, 120 
GSF. See PDX] 
GSH. See Glutathione 
GSIS (glucose-stimulated insulin secretion). See Glucose, insulin response 
to 
GSK3. See Glycogen-synthase kinase-3 
GTP 
in glucagon action, 101, 101f 
p2lras binding and, 75, 75f 
GTT. See Glucose tolerance test 
Gustatory sweating, in sudomotor dysfunction, 801 
Guy’s study, 9127, 914 


H-2°7 mice, autoimmune aspects of type 1 diabetes and, 225 
Hallux valgus, ischemic pressure ulceration and, 864 
Hard exudates 
in diabetic retinopathy, 664, 664f 
in macular edema, 667-668, 668/ 
Harris footprint mat, 869, 869f 870f 871 
HbA,,. See Hemoglobin A,, 
HCS. See Human chorionic somatomammotropin 
HDL. See High-density lipoproteins/cholesterol 
Health Belief Model, health education for diabetes self-management and, 
984 
Health care system 
competition in, 974 
coverage methods in, 974 
diabetic patients and, 974-975 
organization of, 973 
reform of, 973-975 
driving forces of, 973 
Health education, for diabetes self-management, 983-991. See also 
Education 
Health insurance, for diabetic patients, 975-976 
advising patient and, 976 
availability of, 974 
options for, 975-976 
reimbursement for specific aspects of care and, 976, 9771 
Health Insurance Portability and Accountability Act (HIPA), 976 
Heart disease, 823-844. See also specific type and Cardiovascular disease 
Heart failure, 833-837 
ACE inhibitors for, 836 
beta blockers for, 836 
calcium channel blockers for, 837 
cardiac transplantation for, 837 
after coronary artery bypass grafting, 828 
coronary artery disease and, 834, 834f 
diabetic cardiomyopathy and, 834-836, 835f 
diuretics for, 836-837 
epidemiology of, 833 
etiology of, 834-836, 834f 835f 
hypertension and, 834, 834f 
metformin use contraindicated in, 543 
myocardial infarction and, 831-832 
pathogenesis of, 836 
stress hyperglycemia and, 136 
thiazolidinedione use and, 553 
treatment of. 836-837 
Heart rate, in cardiovascular autonomic neuropathy, 81-82, 790, 791, 792r 


Heart rate variability (HRV), in cardiovascular autonomic neuropathy, 791, 


791-792, 7921, 837 
Heart transplantation, for heart failure, 837 
Heat shock protein (HSP), in type 1 diabetes, 309, 311r, 312, 951 
Hedgehogs (Hh), insulin gene expression and, 45 
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Helicobacter pylori, in diabetic gastritis, 884 
Helix loop helix transcription factors, basic (bHLH), insulin gene 
expression and, 29, 30, 31 
Helper (CD4) T cells, 222, 222f 
beta cell destruction in type 1 diabetes and, 225-226 
effector functions of, 222, 224 
Helsinki study, 912r, 914 
Hematocrit 
in hyperglycemic hyperosmolar syndrome, 591 
thiazolidinediones affecting, 552 
Hemochromatosis, diabetes in patients with, 261, 267, 890 
Hemodialysis, 740 
insulin requirements affected by, 738 
Hemodynamic mechanisms, in diabetic nephropathy, 702-704, 725-726, 
725r, 726f. 727-728, 727f 
Hemoglobin, thiazolidinediones affecting, 552 
Hemoglobin A,, (HbA,,), in glycemic control evaluation, 274 
Hemostatic abnormalities, in coronary artery disease, 823-824 
Heparan sulfate, in islet amyloid, 261 
Heparin therapy, for hyperglycemic hyperosmolar syndrome, 590 
Hepatic disease/impairment 
acarbose use in patients with, 545 
hypoglycemia and, 965 
tepaglinide use in patients with, 538 
sulfonylurea use in patients with, 536 
thiazolidinedione use and, 551, 553 
Hepatic glucose output (HGO). See also Gluconeogenesis; Glucose, 
synthesis/secretion of 
inhibition of, 954 
obesity affecting, 379, 380f 
in type 2 diabetes, 375-377, 376f 
Hepatic glucose uptake, in type 2 diabetes, 377 
Hepatic insulin resistance, in type 2 diabetes, 339, 3397. 375-377, 376f 
Hepatitis, 889-890 
type C, in type 2 diabetes, 290 
Hepatocyte nuclear factor-la (HNF-1a) mutation, in maturity-onset 
diabetes of the young (MODY-3), 33, 267, 353, 354f 355f 
Hepatocyte nuclear factor- 18 (HNF-18) mutation, in maturity-onset 
diabetes of the young (MODY-5), 267, 354 
Hepatocyte nuclear factor-4a (HNF-4a) mutation, in maturity-onset 
diabetes of the young (MODY-1), 33, 267, 351, 3517, 352f 
Hepatomas, hypoglycemia caused by, 962 
Hepatomegaly. glycogen-laden, 888, 889f 
Hepatoselective insulin analogs, 951 
Herbal supplements, in nutritional management, 444 
Hereditary fructose intolerance, hypoglycemia caused by, 963, 969 
Herpes simplex virus, as gene transfer vector, 198 
Hers’ disease, 963 
Hexokinases, overexpression of, 202 
Hexosamine pathway, increased flux in, in microvascular disease, 
187-188, 188f 
management with hexosamine pathway inhibitors and, 192 
superoxide overproduction and, 190-191, 190f 
Hexosamine pathway inhibitors, for microvascular disease, 192 
HFI. See Hereditary fructose intolerance 
HGO. See Hepatic glucose output 
Hh. See Hedgehogs 
HHS. See Hyperglycemic hyperosmolar syndrome 
High-affinity B-cell sulfonylurea receptor (SUR-1), mutations in, 348-349 
High-carbohydrate diets 
lipid/lipoprotein concentrations and, 4417 
weight loss on, 439 
High-density lipoproteins/cholesterol (HDL) 
in atherosclerosis, 165 
diabetes and, 170 
exercise affecting, 475 
dietary, in nutritional management, 441, 4411 


levels of in diabetes, 805, 806f 
ideal, 810 
transport of, dyslipidemia and, 808, 808f 
High-fat diets 
leptin resistance/obesity and, 159 
lipid/lipoprotein concentrations and, 4411 
weight loss on, 439 
High-fiber diet, in nutritional management, 442, 443f 444r 
High-protein/low-carbohydrate diets, 439 
HIPA (Health Insurance Portability and Accountability Act), 976 
HIR-A, 69. See also Insulin receptor 
HIR-B, 69. See also Insulin receptor 
HIV, as gene transfer vector, 198 
HLA. See Human leukocyte antigens 
HLA-A, 222 
HLA-B, 222 
HLA-C, 222 
HLA-D, 222 
HLA-DP, 222 
HLA-DQ, 222 
in NOD mice, 225, 226 
in type 1 diabetes, 283, 305-309, 306f 307f, 307r, 3081, 3102, 313 
HLA-DR, 222 
in NOD mice, autoimmune aspects of type 1 diabetes and, 225 
in type | diabetes, 283, 305-309, 307f 307¢, 308r, 310r, 313 
HMG-CoA cycle, 18-20, 18f 
HMG-CoA lyase, in fatty acid metabolism, 18 
HMG-CoA reductase inhibitors 
for coronary heart disease, 827 
for dyslipidemia, 809, 810r, 811 
HMG-CoA synthase, in fatty acid metabolism, 18 
HNF-1a mutations, in maturity-onset diabetes of the young (MODY-3), 
33, 267, 353, 354f, 355f 
HNF-18 mutation, in maturity-onset diabetes of the young (MODY-5), 
267, 354 


HNF-4a mutation, in maturity-onset diabetes of the young (MODY- 1), 33, 


267, 351, 351f, 352f 

HOE 901. See Gly*?'Arg™?! Arg**_human insulin 
“Honeymoon period,” 284 

beta cel] adaptation and, 59, 140 
Hormone-sensitive lipase (HSL), in insulin release, 48 

insulin resistance/dyslipidemia in type 2 diabetes and, 807, 808/ 
Hormones 

deficiency of, hypoglycemia and, 964-965, 968-969 

in insulin release, 49-50, 497 
Hospitalized patients, older, diabetes management and, 422 
Host defenses, 601-610 

abnormalities of in diabetes, 602-604, 6027, 603r 

normal mechanisms in, 601-602 
Host-diet interactions 

beta-cell autoimmunity and, 279-280 

type | diabetes and, 283, 284, 318-319 
Host-—virus interactions, beta-cell autoimmunity and, 279 
HOT trial. See Hypertension Optimal Treatment (HOT) trial 
HPA. See Hypothalamic-pituitary axis 
HPL. See Human placental lactogen 
HRV. See Heart rate variability 
HSL. See Hormone-sensitive lipase 
HSP. See Heat shock protein 
HSV. See Herpes simplex virus 
HTG (hypertriglyceridemic) rats, 247 
Humalog. See Lys®**Pro®”°—-human insulin 
Human beta cell therapy, approaches to development of, 211-214 
Human chorionic somatomammotropin, insulin resistance and, 620 
Human immunodeficiency virus (HIV), as gene transfer vector, 198 
Human insulin, 486-487, 491-496. See also specific type 
Human leukocyte antigens (HLA), 222. See also specific type under HLA 
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beta-cell autoimmunity and, 278-279 
diabetic retinopathy and, 674 
nomenclature and abbreviations for, 304r 
related molecules and, 304, 305f 
type 1 diabetes and, 283, 304-309, 3041, 305f 306f 307f 3071, 308r, 
3102, 311, 313 
diet and, 284 
viral infection and, 284 
Human placental lactogen, insulin resistance and, 369, 620 
Humoral immunity, 601 
abnormalities of in diabetes, 602-603, 6027 
Humulin R. See Regular insulin 
Hunger 
hypoglycemia causing, 118 
meal initiation/termination and, 151-154 
in suess hyperglycemia, 129 
Hydrochlorothiazide, for hypertension in diabetes, 735, 817 
Hydrocortisone, for nesidioblastosis, 970 
D-3-Hydroxybutyrate dehydrogenase, in fatty acid metabolism, 18 
3-Hydroxybutyrate, enzymatic pathway for production of, 18-20, 18f 
Hyperaldosteronism, glucose intolerance in, 428-429 
Hyperamylasemia 
in diabetic ketoacidosis, 578. 890 
in hyperglycemic hyperosmolar syndrome, 596r, 598 
Hyperbilirubinemia 
in infants of diabetic mothers, 644 
during thiazolidinedione therapy, 552 
Hyperchloremia, in hyperglycemic hyperosmolar syndrome, 596r 
Hyperchloremic acidosis 
in diabetic ketoacidosis, 576, 5761, 582 
in diabetic nephropathy, 732 
Hypercholesterolemia, 805, 806f See also Dyslipidemia 
in atherosclerosis, 165, 166-167, 166f 
free radicals in vascular disease and, 847 
glycemic control affecting, 806-807 
in type | diabetes, 806 
in type 2 diabetes, 806-807 
Hypercoagulability, !76-178 
exercise affecting, 474-475 
Hyperfiltration, in diabetic nephropathy, 702-704 
Hyperglucagonemia, familial, 430 
Hyperglycemia 
CNS response to, 122-124, 122f 123f 
control of. See Glycemic control 
coronary heart disease risk and, 170 
in db/db (lepr””) mice, 238, 239f 
euglycemia after, microvascular complications during (hyperglycemic 
memory), 182, 184f 191 
exercise/physical activity and 
after exercise, 466-467, 468f 
inadequate insulinization and, 465 
metabolic glucose clearance and, 467, 469f 470f 
fasting, insulin-mediated versus non-insulin-mediated glucose uptake 
and, 377-378, 377f, 378r 
in hyperglycemic hyperosmolar syndrome, 587, 590 
treatment and, 595r 
insulin resistance mediated by, 388-389 
isolated postchallenge (IPH), in older patient, 415 
management of. See Glycemic control 
mechanisms of, 127, 128f 
microvascular disease and, 181, 182f 
advanced glycation endproduct (AGE) formation and, 185-187, 186f 
Management with AGE inhibitors and, 191-192 
superoxide overproduction and, 190, 190f 
aldose reductase function and, 183-185, 185f 
management with aldose reductase inhibitors and, 191 
superoxide overproduction and, 189-190, 190f 
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Hyperglycemia (cont.) insulinoma causing, 967 
microvascular disease (cont.) in ob/ob (lep””) mice, 240 
future drug targets for management and, 192 reduction of insulin dosage and, 956 
hexosamine pathway flux and, 187-188, 188/ Hyperkalemia, in diabetic nephropathy, 731-732, 731f 
management with hexosamine pathway inhibitors and, 192 Hyperlipasemia, in hyperglycemic hyperosmolar syndrome, 596r, 598 
superoxide overproduction and, 190-191, 190f Hyperlipidemia. See also Dyslipidemia 
mechanisms of damage in, 183-188 diabetic nephropathy and, 740 
polyol pathway flux and, 183-185, 185f exercise affecting, 475 
superoxide overproduction and, 189-190, 190f free radicals in vascular disease and, 847 
protein kinase C activation and, 187, 187f Hyperlipoproteinemia, in atherosclerosis, 165, 166f 
management with PKC inhibitors and, 192, 656 Hypermutation, in B cell receptor diversification, 220-221 
retinal disease and, 655-656, 655/ Hyperosmolarity, in hyperglycemic hyperosmolar syndrome, 587, 5881 
superoxide overproduction and, 190, 190f treatment and, 595r 
single process causing, 188-191, 189f 190f Hyperphagia 
superoxide overproduction and, 188-191, 189f, 190f, 847 in db/db (lepr"”) mice, 239 
future drug targets for management and, 192 in ob/ob (lep””) mice, 240 
in nephropathy development/severity, 602, 702, 702f, 703f, 738, 7381, Hyperproinsulinemia, 33 
916-918, 916r, 917f Hyperprolactinemia, diabetes associated with, 427 
in neuropathy development/severity, 747-749, 773-774, 9161, 918 Hypertension, 815-822. See also Blood pressure 
autonomic dysfunction and, 790 aspirin and, 820 
in older patients assessment of, 815-816 
interpretation of, 417 classification of, 815 
isolated postchallenge (IPH), 415 dietary fiber and, 817 
treatment of, 420—422, 420f 421f dietary magnesium and, 817 
pathogenesis of, insulin-mediated versus non-insulin-mediated glucose estrogen replacement therapy and, 820 
uptake and, 377-378, 377f 378r exercise and, 816 
peritoneal dialysis and, 739 glycemic control and, 820 
portal signal in response to, 122-124, 122f 123f heart failure and, 834, 834f 
postprandial, 10-11 insulin resistance/glucose intolerance and, in elderly, 417 
control of, 951, 953 macular edema development and, 678 
insulin-mediated versus non-insulin-mediated glucose uptake and, management of 
377-378, 377f, 3781 antihypertensive drugs for, 817-820, 817f 818/ 
prebreakfast, in twice-daily administration regimen, 502-503 nonpharmacologic, 816-817 
during pregnancy, congenital malformations and, 622-623, 623f, 642 moderate alcohol consumption and, 816-817, 816f 
protein kinase C activated by, 187, 187f nephropathy developmenvUseverity and, 702-704, 733 
renal disease and, 707, 727-728, 727f familial studies and, 704-705 
retinal disease and, 655-656, 655f treatment and, 733-737, 734f, 7341, 735f, 7351, 736f 
in retinopathy development/severity, 675-677, 676f, 676, 677f, 6771, obesity and, 815 
6786 915-916, 916r, 917f out-of-office measurements in diagnosis of, 815-816 
stress, 127-149. See also Stress hyperglycemia preoperative assessment of patient status and, 612 
stroke severity and, 848 retinopathy development/severity and, 6761, 678-679, 678f, 679f 
surgery and, 137, 612. See also Surgery, glycemic control and smoking cessation and, 817 
treatment of. See Glycemic control sodium reduction and, 816 
in type 2 diabetes, benefits of control of, 516, 919-921 statin drug therapy and, 820 
Hyperglycemia-hyperinsulinism hypothesis, 622, 641 thiazolidinediones affecting, 550 
Hyperglycemic hyperosmolar syndrome (HHS), 573, 587-599 weight loss and, 816 
clinical manifestations of, 589-590 Hypertension Optimal Treatment (HOT) trial, 817, 817f 818f 
complications of, 594-598 Hyperthermia. See also Fever 
definition of, 587, 5887 in hyperglycemic hyperosmolar syndrome, 590 
laboratory findings in, 590-591 malignant, in diabetic ketoacidosis, 584 
mixed, 587 Hyperthyroidism, glucose intolerance in, 429 
pathogenesis of, 588-589, 588/ Hypertriglyceridemia, 805, 806f See also Dyslipidemia 
prevention of, 598 atherosclerosis and, 170 
prognosis of, 598 chylomicronemia syndrome and, 809 
treatment of, 591-594, 592r diabetic nephropathy and, 740 
potential pitfalls during, 594, 595-S97r eruptive xanthomas and, 901 
Hyperglycemic memory, 182, 184f glycemic control affecting. 806-807 
molecular basis for, 191 in type | diabetes, 806 
Hyperhidrosis, in sudomotor dysfunction, 773, 801 in type 2 diabetes, 806-807 
Hyperinsulinemia treatment of, 810-811 
acanthosis nigricans and, 897-898 Hypertriglyceridemic (HTG) rats, 247 
in acromegaly, 426 Hypertrophic cardiomyopathy, in infants of diabetic mothers, 644 
beta cell adaptation to insulin resistance and, 56-58, 56f, 58f Hyperviscosity, in infants of diabetic mothers, 644 
in db/db (lepr”) mice, 238, 239f Hypoaldosteronism, in diabetic nephropathy, 731-732, 731f 
gallstone formation and, 887 metabolic acidosis and, 732 
in infants/children, 969 Hypoaminoacidemia, in glucagonoma, 430 


management of, 970 Hypocalcemia, in infants of diabetic mothers, 644 


Hypoglycemia, 959-972 
acarbose-induced, 546 
adrenal hyporesponsiveness and, 966, 968-969 
alimentary, 963-964, 966, 968 
management of, 971 
autoimmune insulin syndrome and, 965 
management of, 970 
autonomic failure in type | diabetes and, 523, 526, 527f 528, 801 
catecholamine deficiency and, 964-965 
clinical symptoms of, 525, 959 
CNS response to, 118-122, 119f 122f 959. See also 
Neuroglucopenia/neuroglycopenia 
defective, 120-122, 121f, 525-526 
counterregulatory defenses against, ! 18, 524-525, 525r, 960 
defects in in diabetes, 120-122, 121f 525-526, 960 
hypoglycemia risk factors and, 526-529, 5271, 528r 
definition of, 959 
in diabetic nephropathy 
chronic renal failure/dialysis and, 739 
insulin degradation/sensitivity changes and, 738-739 
diagnosis of, 966-969 
drugs causing, 961-962, 961r 
in endocrine deficiency states, 964-965, 968-969 
endogenous, 960r, 962-966 
in erythroblastosis fetalis, 965 
etiology of, 959-966, 960r 
exercise/physical activity and, 465-466, 466f 467f 965 
exogenous, 959-962, 960r 
extrapancreatic neoplasms causing, 962, 966, 968 
factitious, 968 
functional, 9601, 963-966 
glucagon deficiency causing, 110, 965, 968 
glucagon secretion and, 99, 99f 100, 110-111, 111f 132-135, 133f See 
also Counterregulation/counterregulatory hormones 
glucocorticoid deficiency and, 964, 969 
glycemic control limited by, 523-524 
growth hormone deficiency and, 964, 968 
hemodialysis and, 739 
history in, 966 
iatrogenic, 523-530, 949. See also Hypoglycemia, insulin-induced 
in inborn errors of metabolism, 962-963, 969 
induction of, 132, 132f 
in infants, 643-644, 959 
of diabetic mothers, 643-644, 965 
functional/transient, 965 
persistent hyperinsulinemic (PHHI/nesidioblastosis), 962 
management of, 970 
insulin-induced, 523-530, 959-961 
autonomic contribution to, 133, 133/, 523, 526, 527f, 528 
clinical context for, 524 
clinical manifestations of, 525 
in diabetic nephropathy, 738 
exercise/physical activity and, 465-466, 466f, 467f 
glucose counterregulation and, 118, 524-525, 525r, 960. See also 
Counterregulation/counterregulatory hormones 
defects in, 120-122, 121f, 525-526, 960 
hypoglycemia risk factors and, 526-529, 5271, 528r 
glycemic control limited by, 523-524 
in intensive diabetes treatment, 918, 949, 960 
prevention/management of, 509, 969 
nocturnal, 529 
reducing risk for, 528-529 
in twice-daily administration regimen, 502 
insulin receptor antibodies and, 965 
insulinoma causing, 962 
history in, 966 
laboratory tests in evaluation of, 967 
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malignant, 970 
management of, 970 
tumor localization and, 967-968 
islet cell tumors causing, 962, 966, 967-968 
ketotic/ketogenic, 965-966, 969 
laboratory and technical investigations in, 967-969 
leucine-induced, 965, 969 
management of, 971 
in liver disease, 965 
in maple syrup urine disease, 966 
metformin-induced, 542 
miglitol-induced, 546 
neonatal, 643-644, 959. See also Hypoglycemia, in infants 
neuroendocrine response to, 132-135, 132f 133f 134f 
non-islet cell tumor causing, 962, 966, 968 
in older patient with diabetes, 422 
oral antidiabetic agents causing, 961, 9611 
pathophysiology of in diabetes, risk factors and, 526-529, 5271, 528r 
physical examination in, 966-967 
posthyperalimentation, 964 
prevention of, 969-970 
reactive 
acarbose and, 545 
alcohol-promoted, 964, 971 
management of, 97] 
spontaneous, 963-964, 966, 968 
recovery from, 132-135, 132f 133f 960 
in renal failure, 739 
sensing of, 119, 119f 
in brain, 119, 119-120, 119f 
defects in, 121 
sepsis causing, 138 
sulfonylurea-induced, 536, 961, 9611 
surgery in diabetic patient and, 615-616 
treatment of, 969-971 
in type 1 diabetes, 523-530, 959-961. See also Hypoglycemia, insulin- 
induced 
in type 2 diabetes 
metformin-induced, 542 
repaglinide-induced, 538 
sulfonylurea-induced, 536 
Hypoglycemia-associated autonomic failure, 523, 526, 527f, 528, 801 
Hypoglycemia unawareness, 526, 529, 801, 949, 959 
prevention/management of, 509 
Hypoglycins, 962 
Hypokalemia, in hyperglycemic hyperosmolar syndrome, 593, 594 
treatment and, 596r 
Hypomagnesemia 
in hyperglycemic hyperosmolar syndrome, 5921, 594 
treatment and, 596r 
in infants of diabetic mothers, 644 
Hyponatremia, in diabetic ketoacidosis, 5762, 577-578, 5771 
Hypophosphatemia 
in diabetic ketoacidosis, 576r, 577, 5771 
in hyperglycemic hyperosmolar syndrome, 593-594 
treatment and, 596r 
Hypopituitarism, diabetes associated with, 427 
Hypoproteinemia, in glucagonoma, 430 
Hyporeninemic hypoaldosteronism, in diabetic nephropathy, 731-732, 731f 
Hypotension 
hyperglycemia and, 131-132 
in hyperglycemic hyperosmolar syndrome, 590, 595: 
orthostatic (postural), 816 
in autonomic neuropathy, 791, 793-794, 793f 
in older patient with diabetes, 417, 816 
postural, 816 
Hypothalamic-pituitary axis (HPA), in stress hyperglycemia, 129 
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Hypothalamus 

in counterregulatory response to hypoglycemia, 960 

disorders of, in db/db (lepr”) mice, 239 

glucagon release and, 99 

hypoglycemia sensing in, 119, 119f 120 

lesions of, obesity and insulin resistance caused by, 57 

in weight/food intake regulation, 154-159, 158f 159f 

anabolic systems and, 156-157 
catabolic effector systems and, 157 

Hypothermia 

in diabetic ketoacidosis, 583-584 

hyperglycemia and, 135-136, 135f 

in hyperglycemic hyperosmolar syndrome, 596r 
Hypoxemia 

in diabetic ketoacidosis, 583 

in hyperglycemic hyperosmolar syndrome, 596r 
Hypoxia 

hyperglycemia and, 130-131, 130f 

nerve, in diabetic neuropathy, 756-757, 756f, 848 

retinal, in diabetic retinopathy, 670 


IA-2 protein antibodies, in type | diabetes, 312-313. 951 
natural history and, 303 
IAA. See Insulin autoantibodies 
LAPP. See Islet amyloid polypeptide 
Ibuprofen, for painful diabetic neuropathy, 785, 785r 
IBW. See Ideal body weight 
ICA. See Islet cell antibodies 
ICA 69, cow’s milk proteins in diabetes and, 318 
ICAS12. See also IA-2 protein antibodies 
in type 1 diabetes, 311, 312-313 
IDAA. See International Diabetes Athlete Association 


IDDM (insulin-dependent diabetes mellitus). See also Type | diabetes 


mellitus 
in NDDG classification scheme, 269 
IDDM loci, 310r 
for IDDM | and IDDM 2, 32 
Ideal body weight. weight gain during pregnancy for pregestational 
diabetic and, 627-628 
IDL. See Intermediate density lipoproteins 
IDM. See Infants of diabetic mothers 
IDX-1. See also PDXI 
insulin gene expression and, 45 
IFG. See Impaired fasting glycemia 
IGF-1, 23 
in acanthosis nigricans, 898 
for diabetic ketoacidosis. 581 
in diabetic nephropathy, 706-707 
in diabetic neuropathy, 761-762 
in diabetic retinopathy, 657-658 
glucagon release and, 99 
insulin action and, 955 
IGF-II, 23 
in diabetic neuropathy, 761-762 
in hypoglycemia, 962 
IGT. See Impaired glucose tolerance 
li. See Invariant chain 
IL. See Interleukins 
IMGU. See Insulin-mediated glucose uptake 
Imipramine, for painful diabetic neuropathy, 785, 7857 
IMMC. See Interdigestive migrating motor complex 
Immune system/Ammunology, 219-230, 268, 311-316 
adaptive immunity (clonal selection) and, 219, 220f 
atherosclerosis development and, 171 
autonomic neuropathy and, 790 
beta cell destruction and, 224-228 
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animal models of, 224-226, 231r, 235-238, 2371 


genetically engineered cell lines with resistance to, 211, 212f 213f 


immunologic approaches to prevention and, 227-228, 950 
initiation of autoimmune response and, 226-227 
stress-related neurohormonal changes and, 141-142 
sustaining autoimmune response and, 227 
cellular immune response and, 313-316, 314f 
cytokines and. 313-316 
humoral immune response and, 601 
abnormalities of in diabetes, 602-603, 602r 
lymphocyte developmentselection and, 222-223 
lymphocyte receptors/lymphocyte diversity and, 219-221, 221f 
MHC gene polymorphism and, 222, 223f 
T-lymphocyte activation and, 313-316 
costimulatory signals and, 223-224, 223f 313 
effector functions and, 224 
T-lymphocyte antigen recognition and, 222, 223f 
costimulatory signals and, 223-224, 223f, 313 
MHC molecules and, 221-222, 222f 
type 2 diabetes and, 290 
Immunization, childhood, diabetes risk and, 283, 319, 320 
Immunoglobulin genes, type | diabetes association and, 310 
Immunoisolation devices, for donor islet pretreatment, 945 
Immunomodulation, prevention of type | diabetes and, 227, 950 
Immunosuppression 
for islet cell transplantation. 942, 945 
for pancreas/pancreas-kidney transplantation. 930, 933-934 
Impaired fasting glycemia (IFG), 271, 2721, 273, 285-286, 291-292 
in older patients, 415 
in type 2 diabetes, 291-292 
in WHO classification scheme, 271, 2721 
Impaired glucose tolerance (IGT), 268, 273, 291. See also Glucose 
intolerance 
in ADA classification scheme. 270 
increlin effect and, 85 
in NDDG classification scheme, 269, 270 
in older patients. 415 
in type 2 diabetes. 291-292, 373-374 
prevention of disease progression and, 292-293, 292f 
exercise/physical activity in, 469, 471r 
in older patients, 415 
in WHO classification scheme, 270, 271, 272 272t 
Implementation, in health education process, 985f, 987 
Impotence. See Erectile dysfunction 
Inbom errors of metabolism, hypoglycemia in, 962-963 
Incipient diabetic nephropathy, 729 
Incontinence 
fecal. 884, 886 
urinary, in older patient with diabetes, 417 
Incretin effect. 85. 86f 
in type 2 diabetes. 85, 87f 
Incretins, 2, 85-96, 86f See also Glucagon-like peptides; Glucose- 
dependent insulinotropic polypeptide 
Individual education, for diabetes self-management, 989 
Individual health insurance, 975-976 
INF-y. See Interferon-y 
Infantile (childhood) diabetic, in WHO classification scheme, 269 
Infants. See also Children: Infants of diabetic mothers 
hypoglycemia in 
diagnosis of, 969 
functional/transient. 965 
persistent hyperinsulinemic (PHHI/nesidioblastosis), 962 
management of, 970 
symptoms of. 959 
type | diabetes in 
developmental and family issues and, 565-566, 566r 
nutritional management and, 445 
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Infants of diabetic mothers, 641-651 
birth defects/congenital malformations in, 622-623, 623f, 642 
hypoglycemia in, 965 
increased adiposity in (macrosomia), 623-624, 641, 642, 646 
morbidities in, 641-644 
type 2 diabetes risk and, 290, 290f, 646-648, 647f 
Infection/infectious disease, 601-610 
in beta-cell autoimmunity, 279 
host interactions and, 279 
prevention of, 280 
diabetic ketoacidosis and, 575 
hyperglycemic hyperosmolar syndrome and, 588, 588f 
in type 1 diabetes, 283, 316-317 
HLA class II alleles and, 284 
induction of autoimmunity and, 226, 268 
in type 2 diabetes, 290 
Infertility 
in alloxan- and STZ-treated animals, 234 
in fa/fa (Zucker/lepr “) rats, 242 
Inflammation 
in atherosclerosis, 824 
as type 2 diabetes risk factor, 290 
Inflammatory autolysis, diabetic foot ulcers caused by, 865-866, 866f, 867f 
Infusion pump 
for continuous subcutaneous insulin infusion, 504-505 
implantable, 951 
for insulin infusion with separate glucose/potassium administration 
(IP/GK), for surgery, 614 
Inhibitory receptors, in insulin release, 48 
Inositol-1,4,5-triphosphate (IP,), in insulin release, 46, 47 
Insoles (shoe inserts), diabetic foot care and, 867-868, 868f 
molded, 868 
Institutionalized older adult, diabetes management for, 422 
Insulin. See also Insulin therapy 
abnormal/variant forms of, 33 
insulin resistance and, 367-368, 368r 
action of, 370-373, 371f, 372f 
aging affecting, 416-417 
in diabetic nephropathy, 738-739 
exercise/physical activity affecting, 454-456, 454f, 460 
in muscle and adipose tissue, 474 
in type 1 diabetes, 464 
in type 2 diabetes, 469-471, 472f 
functional aspects of insulin resistance and, 386-390, 386f 387/, 
3871, 388f, 389f, 390f 
genetic defects in, 267, 380-386 
insulin resistance/type 2 diabetes and, 380-386 
mechanisms of, 67-83. See also Insulin, mechanisms of action of 
as adiposity signal, 155-156, 155f 
interaction with signals controlling meal size and, 158-159 
antagonists of, insulin resistance and. 368-370, 368r 
antibodies to. See Anti-insulin antibodies 
binding of, 68-69, 370, 483-485. See also Insulin receptor 
decreased affinity of, 356 
in insulin resistance/type 2 diabetes, 380 
metformin affecting, 540 
biosynthesis of. See Insulin, synthesis/secretion of 
blood/plasma levels of 
in insulinoma, 967 
neonatal hypoglycemia and, 969 
in non-islet cell tumor hypoglycemia, 968 
normal, 54 
chemistry of, 481-485, 482f 484f 
deficiency of 
exercise in type 1 diabetes and, 465 
iatrogenic hypoglycemia and, 527-528, 528r 
insulin resistance and, 341-342 
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desensitization and, 51 
diabetic ketoacidosis and, 574-575, 5741, 579-581, 580¢ 
fasting levels of, 53 
in fuel metabolism 
in fasted state, 5-7, 6f 
diabetes affecting, 11 
in fed state, 2-5, 3f 
gene for. See Insulin gene 
glucagon synthesis/secretion and, 99, 99f 991, 100f 104, 331, 332f 
in ketogenesis, 17-18, 17f, 574-575, 574r 
mechanisms of action of, 67-83. See also Insulin receptor 
glucose transport regulation and, 72-73 
glycogen synthesis regulation and, 74 
PI-3-kinase pathway in, 70-71, 70f, 71-72 
protein synthesis regulation and, 73-74 
Ras-protein kinase signaling pathway and, 74-76, 75f 
PAI-1 affected by, thrombosis and, 177 
pharmacology of. See Insulin therapy 
physicochemical properties of, 482—485, 482f, 484f 
preparations of. See specific type and Insulin therapy 
receptor for. See Insulin receptor 
release of. See also Insulin, synthesis/secretion of 
by exocytosis, 45, 47 
resistance to. See Insulin resistance 
responsiveness of, decrease in, 372, 372f 
self-association of, 483-485, 484f 
subcutaneous absorption of insulin preparations and, 491, 492 
sensitivity to. See Insulin sensitivity 
structure of, 23-24, 24f 482-483, 483f 
synthesis/secretion of, 24-29, 25f 26f, 43-65, 44f 485, 486f See also 
Beta cells; Hyperinsulinemia; Insulin gene 
adaptive changes of, 56-60 
aging affecting, 416, 416f 
amino acids affecting, 49, 49r 
basal, 48 
in type 2 diabetes, 332-333, 332f 
burn injury affecting, 139 
C peptide formation and, 24, 25f 28 
calcium messenger system and, 47 
calcium metabolism and, 46-47 
counterregulatory mechanisms in, 118, 524-525, 525r, 960. See also 
Counterregulation/counterregulatory hormones 
defects in, 120-122, 120f 525-526, 527f 
hypoglycemia risk factors and, 526-529, 5271, 528r 
diabetic ketoacidosis and, 574~575, 574r 
cyclic AMP messenger system and, 47—48 
drugs stimulating, 955-956 
epinephrine affecting, 49r, 50 
exercise/physical activity affecting, 454-456, 454f 
extracellular control of, 48-60 
fats affecting, 49, 49r 
obesity and, 408-409 
by fetus, maternal diabetes and, 624, 641, 642 
first-phase, 51, 51f 54 
in type 2 diabetes, 333, 334f 
gastrointestinal hormones affecting, 49-50, 49r 
genetically-engineered cell lines for, 210-21] 
GIP affecting, 2, 49, 491, 87-88, 91f 
GLP-| affecting, 2, 26, 31, 45, 491, 50, 90-92, 91f 
in type 2 diabetes, 334 
glucose-stimulated, 2, 3f, 31-32, 48-49, 497, 51-52, 51f, 52f, 54-55, 
55f. See also Glucose, insulin response to 
in type 2 diabetes, 333, 333f 334/, 335/ 
uptake and metabolism and, 45—46 
insulin-mediated versus non-insulin mediated, 377-378, 377f 
3781 
in type 2 diabetes, 35-37, 376f 
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Insulin (cont.) 
synthesis/secretion (cont. ) 
hypotension/shock affecting, 131-132 
hypothermia affecting, 135-136 
hypoxia affecting, 131 
incretins and, 2, 85-96, 86f 
inhibition of, 48-51, 49t 
in vivo measures of, 52~56, 53r 
intracellular signals in control of, 45—48 
postreceptor defects in, in insulin resistance/type 2 diabetes, 385, 
391-392 
intraislet peptides affecting, 51 
islet amyloid polypeptide (IAPP) affecting, 35 
membrane ion fluxes/electrical activity (potassium and calcium 
channels) and, 46 
metformin affecting, 540-541 
molecular mechanisms of, 197-217. See also Gene transfer studies; 
Genetic engineering 
neurotransmitters affecting, 50-51 
obesity affecting, 408-409 
phosphoinositide messenger system and, 47 
portal signal affecting, 122-124, 122f 123f 
potentiation of, 51-52, 52f, 334 
in pregnancy, 619-620, 620f 
priming of, 52 
prohormone convertases/proinsulin processing in, 25-27, 27f 
second-phase, 51, 51f/ 54-55 
in type 2 diabetes, 333, 334f 
secretagogues affecting, 48-51, 49r 
secretory granules and, 28, 45 
stress hormones affecting, 497, 50 
in type 2 diabetes 
basal, 332-333, 332f 
glucose-stimulated, 333, 333f 334f 335/ 
insulin resistance and, 342-344, 342f, 343f, 344f 
non-glucose-stimulated, 334, 335, 336f 
variant/abnormal forms of, 33 
insulin resistance and, 367-368, 3687 
Insulin analogs, hepatoselective, 951 
Insulin aspart (Asp®”*-human insulin), 492. 493f, 495, 495f, 501-502 
in twice-daily administration regimen, 502 
Insulin autoantibodies (IAA), 268, 3111, 312, 369-370 
in type | diabetes, 311s, 312 
natural history and, 303 
after viral infection, 279 
Insulin binding domain, of insulin receptor, 68, 68f 
Insulin-dependent diabetes mellitus (IDDM). See also Type 1 diabetes 
mellitus 
in NDDG classification scheme, 269 
Insulin detemir, 504 
Insulin gene 
mutations in, 33 
overexpression of, in animal model, 238 
regulation of transcription of, 29-33, 30f 
diabetes and, 32-33 
DNA sequences/transcription factors in, 29-31. 30f 
nutrient and hormonal, 31-32 
structure/evolution of, 29, 30f 
Insulin glargine (Gly*?'Arg"*! Arg**-human insulin), 488, 489, 492, 493/, 
495-496, 496f, 950-951 
in multiple daily injection (MDI) regimen, 504 
Insulin infusion pump 
for continuous subcutaneous insulin infusion, 504-505 
implantable, 951 
for insulin infusion with separate glucose/potassium administration 
(IP/GK), for surgery. 614 
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Insulin-like growth factors (IGF), 23. See also specific type under IGF 
in acanthosis nigricans, 898 
for diabetic ketoacidosis, 581 
in diabetic nephropathy, 706-707 
in diabetic neuropathy, 761-762 
in diabetic retinopathy, 657-658, 670 
glucagon release and, 99 
in hypoglycemia, 962 
Insulin lispro (Lys®?*Pro®*°-human insulin), 492, 493-495, 493f 494f 
501-502, 502f, 950 
hypoglycemia episodes and, 960 
in mixed preparations, 502 
in multiple daily injection (MDI) regimen, 503-504 
in twice-daily administration regimen, 502 
Insulin-mediated glucose uptake, 45—46 
in type 2 diabetes, 377-378. 377f, 378r 
Insulin messenger system, in insulin release, 48 
Insulin mimetics, 954 
orally available, 950 
Insulin potentiators, 954 
Insulin promoter factor-1 (IPF-1/PDX-1) 
insulin gene expression and, 30-31, 30f, 31-32, 45 
diabetes pathogenesis and, 32-33 
in liver, gene therapy studies and, 213 
mutations in, in maturity-onset diabetes of the young (MODY-4), 33, 
267, 353-354 
Insulin receptor, 68-69 
accelerated degradation of, 356, 358f 
activation of, 370-371 
in alloxan- and STZ-treated animals, 234 
antibodies to, 268, 311, 370 
hypoglycemia and, 965 
management of, 970 
insulin resistance and, 370 
genetic defects in, 267, 354-358. 355f 
clinical variations and, 357-358 
insulin resistance and, 380-386 
rare forms of altered glucose metabolism associated with, 354-358 
impaired biosynthesis and, 355-356, 357f 
in insulin release regulation, 48 
molecular studies of, 208-209 
internalization of, 69 
loss of, 371, 372f 
missense mutations in, 356, 358f 
in pregnancy, 620 
premature chain termination mutations in, 355-356, 357f 
structure of, 68, 68f 
subpopulations of, in type 2 diabetes, 382-383, 382/ 
substrates for, 69-71, 691. See also Insulin receptor substrate proteins 
transport of, impaired, 356 
weight/food intake regulation and, 155-156, 155f 
Insulin receptor substrate proteins, 371. See also specific type under IRS 
animal model of disruption of, 238 
defects in in diabetes, 71 
in early adaptation to starvation, 7 
in insulin mechanism of action, 69-71, 691, 70f, 371 
insulin resistance/type 2 diabetes and, 385, 391 
molecular studies of, 208-209 
Insulin-regulated glucose transporter. See GLUT-4 transporter 
Insulin resistance. 367-400 
abnormal beta-cell secretory product and, 367-368, 3687 
with acanthosis nigricans, 267, 347, 355, 392-393, 897-898, 898f 
adipocyte-secreted hormones in. 407, 408f 
age-related, 416-417, 416f 
animal models of, 2311, 238-244, 239r 
ataxia telangiectasia and, 393-394 


beta cell adaptation to, 56-58, 56f 58f 342-344, 342f 343f 344f 
beta cell function indices in, 53r 
causes of, 367-370, 368r 
common somatic features in, 394 
counterregulatory hormones and, 341, 368-369 
in db/db (lepr®) mice, 238, 239 
in diabetic ketoacidosis, 580-581 
in diabetic nephropathy, 738-739 
drug-induced, 57 
in fa/fa (Zucker/lepr) rats, 242 
free fatty acids in, 369, 406—407 
functional aspects of, 386-390, 386f, 387f 3872, 388f 389f 390f 
gene-induced, 57, 354-358, 380-386, 390-392 
glucose transport and, 383-385, 383f 384f 
glycogen synthesis and, 385-386 
hepatic, in type 2 diabetes, 339, 339f, 375-377, 376f 
in hypoxia, 131 
insulin action and, 370-373, 37 1f, 372 
cellular defects in, 380-386 
insulin antagonists and, 368-370, 368r 
insulin binding defects and, 380 
insulin deficiency and, 341-342 
insulin secretion and 
indices of, 53r 
in type 2 diabetes, 342-344, 342f 343f, 344f 
insulin-stimulated autophosphorylation defects and, 380-382, 381f 
382f 
interleukin-6 in, 370, 407, 408f 
leprechaunism and, 267, 347, 355, 394 
lipodystrophy/lipoatrophy and, 267, 393 
molecular genetics of, 390-392 
in ob/ob (lep®”) mice, 240 
obesity-related, 57~58, 58f, 378-380, 379f, 380f, 391, 404—408, 406/, 
408f 
type 2 diabetes and, 60, 341-342, 404-408, 406f 408/ 
overnutrition-evoked, animal models of, 245-247 
PAI-1 levels in, 177 
pathogenesis/etiology of, 373-374, 373f 
peripheral 
target tissue defects and, 368r 
in type 2 diabetes, 340-341, 340f 
postreceptor signaling defects and, 385, 391-392 
in pregnancy, 619-620, 624 
in primates, 248 
in Psammomys obesus (sand rats), 245-246 
receptor populations and, 382-383, 382f 
severity of, clinical manifestations affected by, 357 
sex hormone levels and, 290 
skeletal muscle changes in obesity and, 408 
stress hormones causing, 141-142 
surgery-related, 611-612 
type A, 267, 347. 355, 393 
in type | diabetes, 392 
in type 2 diabetes, 291, 291f, 338-342, 339f, 340f 373-378 
drugs to overcome, 954-955 
dyslipidemia and, 807, 808f 
exercise/physical activity affecting, 469-471, 472 
genetic factors in, 390-392 
hepatic, 339, 339f 375-377, 376f 
hyperglycemia pathogenesis (insulin-mediated versus non-insulin- 
mediated) and, 377-378, 377f, 378f 
insulin sensitivity studies and, 374-375, 375f, 376f 
interaction of with insulin secretion, 342-344, 342f 343f 344f 
obesity and, 60, 341-342, 404-408, 406f 408f 
pathogenesis/etiology and, 373-374, 373f 
peripheral, 340-341, 340f 
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sulfonylureas affecting, 534 
treatment strategies and, 553-554 
type B, 393 
unusual forms of, 392-394 


Insulin resistance syndrome, 553 
Insulin secretagogues, 531-539. See also Sulfonylureas 


combination therapy with insulin sensitizer and, 554 
nonsulfonylurea, 955 


Insulin sensitivity 


in acromegaly, 426 
decreases in, 372, 372f 
in diabetic nephropathy, 738-739 
exercise/physical activity affecting, 460 
in nondiabetics, 472 
postexercise increase in, 463 
in type | diabetes, 464, 472-474 
in type 2 diabetes, 469-471, 472-474, 472f, 473f 
in insulin resistance, 372, 372f 
studies of in type 2 diabetes, 374-375, 375f, 376f 
insulin secretion/beta cell function indices in, 53r 
metformin affecting, 540, 541f 
miglitol affecting, 544-545 
pioglitazone affecting, 549, 549f 
in pregnancy, 619-620, 620f 624 
surgery affecting, 611-612 
thiazolidinediones affecting, 549, 549f 


Insulin sensitizers, 954 


in combination therapy, 554-555 
with insulin secretagogue, 554 
diabetic nephropathy and, 738 
new drug development and, 553 
thiazolidinediones/glitazones as, 546, 553 


Insulin suppression tests, in insulinoma, 967 
Insulin therapy 


absorption and, 490-491, 492f 
insulin source affecting, 487 
with acarbose, 544, 558 
for acute MI, 832-833 
cell-based, 210-214, 212f 213f 
continuous subcutaneous infusion and, 504-506, SO5f 505r 
hypoglycemia and. 960 
initial dosage determinations for, 505-506 
during labor and delivery, 630 
pump for, 504-505 
skin complications of, 904 
in type 2 diabetes therapy, 520 
diabetic nephropathy affecting dosage requirements and, 738-739 
dialysis affecting, 739 
discontinuation of 
diabetic ketoacidosis and, 575 
hyperglycemic hyperosmolar syndrome and, 588, 588f 
eating disorders affecting, 446 
exercise/physical activity and 
inadequate insulinization, 465 
overinsulinization and, 465-466, 466f, 467f 
formulation properties and, 486-487 
new forms of, 950-951 
future of, 496-497, 950-951 
genetic engineering and, 210-214, 212f, 213f 950 
cell lines for glucose-stimulated insulin secretion and, 210-211 
cell lines for resistance against immunological attack and, 211, 212f 
213f 
human cell therapy and, 211-214 
with glitazones, 558 
with glucose and potassium, for surgery, 614-615, 615r 
human insulin analogs for. 486—487, 491-496. See also specific type 
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Insulin therapy (cont.) 
for hyperglycemic hyperosmolar syndrome, 591, 592r 
hypoglycemia and, 523-530, 959-961. See also Hypoglycemia 
autonomic contribution to, 133, 133f 523, 526, 527f 528 
clinical context for, 524 
clinical manifestations of, 525 
in diabetic nephropathy, 738 
exercise/physical activity and, 465-466, 466f, 467f 
glucose counterregulation and, 118, 524-525, 5251, 960. See also 
Counterregulation/counterregulatory hormones 
defects in, 120-122, 121%, 525-526, 960 
hypoglycemia risk factors and, 526-529, 5271, 528r 
glycemic control limited by, 523-524 
in intensive diabetes treatment, 918, 949, 960 
prevention/management of, 509 
nocturnal, 529 
reducing risk for, 528-529 
in twice-daily administration regimen, 502 
inhaled, 950 
injection timing/clinical implications and, 489-490, 491f 
intensive diabetes management and, 506-512, 506r 
blood glucose self-monitoring and, 508-509, 5087, 951 
dosage adjustment methods and, 507-508 
hypoglycemia and, 918, 949, 960 
prevention/management of, 509 
patient education and, 506r, 509-510, 510r 
patient selection for, 506-507 
strategies enhancing, 510-512, 510r, 511f 
intravenous, for surgery, 614 
with metformin, 557-558 
multiple daily injection regimen and, 503-504, 503f 
noninjectable routes for, 950 
for older patient with diabetes, 421-422 
oral, 950 
pharmaceutical preparations for, 485-487 
pharmacokinetics and pharmacodynamics and, 488-489, 488f 489f 490f 
improvements of in new human insulin analogs, 491-496 
pharmacology of preparations and, 487—491 
prandial (meal-related), 488, 488f 951 
during pregnancy, 624 
gestational diabetes and, 632-633 
pregestational diabetes and, 628 
purity of preparations and, 487 
retinopathy development/severity and, 677 
shortcomings of, 949-950 
skin complications of, 904 
sources of insulin for, 487 
stress hyperglycemia and, 144 
subcutaneous 
continuous. See Insulin therapy, continuous subcutaneous infusion and 
for surgery, 614 
during surgery, 144, 145, 612, 613-615, 6141, 615r 
with glucose and potassium (GIK regimen), 614-615, 615r 
postoperative management and, 616 
intravenous regimens for, 614 
practical guidelines for, 615 
separate insulin and glucose regimens and, 615, 615r 
subcutaneous regimen for, 614 
transdermal, 950 
twice-daily injection regimen and, 502-503, 502f 
for type 2 diabetes, 347, 515-522, 516f 
adding oral agents and, 557-558, 558f 
adding to oral therapy and, 557 
in combination with other modalities, 520, 557-558 
comparison of with other modalities, 517-518, 5187 
doses and, 5187, 519 
efficacy and, 517 
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metabolic goals of, 516-517 
pathophysiology and, 515-516, 516f 
patient selection for, 520-521, 520r 
regimens for, 518r, 519-520, 519r 
Teinitiation of oral therapy and, 558 
sulfonylurea failure and, 534 
switching to oral sulfonylureas and, 535-536 
Insulin tolerance test, 968-969 
Insulin turnover, in pregnancy, 619 
Insulinoma, 962 
history in, 966 
laboratory tests in evaluation of, 967 
localization of, 967-968 
malignant, 970 
management of, 970 
Insulitis 
in animal models 
in BB rat, 235-236, 235f 
in BBZ rat, 242 
in LETL rat, 237 
cytokines in, 313-316 
prevention/amelioration of, 951 
in type 1 diabetes, 257-258, 259f, 302 
pancreas transplantation and, 258 
Insurance. See Health insurance 
Intellectual function, in offspring of diabetic mothers, fuel-mediated 
teratogenesis and, 645 
Intelligence, in offspring of diabetic mothers, fuel-mediated teratogenesis 
and, 645 
Intensive diabetes management, 506-512, 506r. See also Glycemic control 
for acute MI, 832-833 
blood glucose self-monitoring and, 508-509, 508r, 951 
cardiovascular autonomic neuropathy and, 792-793 
collaborative team model for, 511-512, 511f 
complications and, 909-926, 918. See also specific complication or study 
epidemiologic and observational studies in assessment of, 909-91 J 
intervention trials in assessment of, 911-921 
post-transplantation studies in assessment of, 921-922 
Diabetes Control and Complications Trial (DCCT) in evaluation of, 
9121, 915-919, 915f 916r, DIT 919F 
dosage adjustment methods and, 507-508 
activity level changes/exercise and, 508 
blood glucose levels and, 507 
food intake and, 507-508 
dyslipidemia development/severity and, 806, 810 
hypoglycemia and, 949, 960 
prevention/management of, 509 
nephropathy development/severity and, 702, 702f, 703f 738, 738r, 
916-918, 916r, 917 
neuropathy developmenuseverity and, 747-749, 773-774, 916r, 918 
autonomic, 749-750, 792-793, 9161, 918 
patient education and, 5061, 509-510, 510r 
patient selection for, 506-507 
removing obstacles to treatment plan adherence and, 511 
retinopathy development/severity and, 675-677, 676f, 6761, 677f, 6771, 
678f, 915-916, 916r, 917 
shortcomings of, 949-950 
skin complications of, 904 
skin disorders affected by, 899 
Strategies enhancing, 510-512, 510r, 51 1f 
Intercostal neuropathy (diabetic thoracic radiculopathy), 7734, 781 
Interdigestive migrating motor complex (IMMC), in gastroparesis 
diabeticorum, 880 
Interferon-y 
genetically-engineered cell lines with resistance to, 211, 212f 213f 
in type | diabetes, 314-316 
Interferons, in type | diabetes, 314-316 


Interleukin-1 
beta cell function affected by, stress and, 141 
in type | diabetes, 314-316 
Interleukin-1 8, genetically-engineered cell lines with resistance to, 211, 
212f 213f 
Interleukin-4 
autoimmune responses in type 1 diabetes and, 227 
protection against immune-mediated beta cell destruction and, 211 
Interleukin-6, insulin resistance and, 370, 407, 408f 
surgery-related, 612 
Interleukin-10, autoimmune responses in type 1 diabetes and, 227 
Interleukins. See also specific type 
stress hyperglycemia and 
bumn-induced, 139 
myocardial infarction-induced, 136 
in type | diabetes, 314-316, 951 
Intermediate-acting insulin 
in multiple daily injection (MDI) regimen, 503-504 
in twice daily administration regimen, 502 
in type 2 diabetes therapy, 519 
Intermediate density lipoproteins, dyslipidemia in type 2 diabetes and, 
807, 808/ 
International Diabetes Athlete Association, 464 
International Pancreas Transplant Registry (IPTR), 928 
outcome data of 
with cadaver transplantation, 930-931, 930f 93 1f, 932f 
with living donors, 931-933, 933f 
International Workshop of the National Diabetes Data Group (1979), 
269-270 
Interstitial expansion, diabetic nephropathy and, 701 
Interstitial fibrosis, diabetic nephropathy and, 700 
Interstitial sensors, for glucose concentration determinations, 274 
Intervening peptides, 97, 98f 
Intestinal disorders 
large intestine, 886 
small intestine, 884-886, 886r 
Intracoronary stents, 829-830, 830r 
for acute MI, 832 
Intraislet peptides, in insulin release, 51 
Intraretinal maculopathy, 667 
Intraretinal microvascular abnormalities (IRMAs), in diabetic retinopathy, 
664-665, 665f 
Intrauterine environment 
fuel-mediated teratogenesis and, 622, 622f, 642, 644-648 
pregnancy as “tissue culture experience” and, 622, 641 
as type 2 diabetes risk factor, 290, 290f 646-648, 647f 
Intrauterine growth retardation (IUGR), maternal diabetes and, 624 
Intravenous glucose tolerance test, 54 
Intravenous pyelography, in diabetic nephropathy, 737 
Intravenous regimens, for insulin therapy during surgery, 614 
Invariant chain (li), 221-222 
IP-1, 97, 98f 
IP-2, 97, 98f 
IP/GK regimen. See Insulin infusion pump, for insulin infusion with 
separate glucose/potassium administration 
IP}. See Inositol-1,4,5-triphosphate 
IPF 1. See Insulin promoter factor-1 
IPH. See Isolated postchallenge hyperglycemia 
IPTR. See International Pancreas Transplant Registry 
TIQ scores, in offspring of diabetic mothers, fuel-mediated teratogenesis 
and, 645 
Irbesartan, diabetic nephropathy affected by, 736, 736f 
Iris, abnormalities of, in autonomic neuropathy, 801 
IRMAs. See Intraretinal microvascular abnormalities 
Iron, serum levels of, miglitol therapy affecting, 546 
Tron overload (hemochromatosis), diabetes in patients with, 261, 267, 890 
IRS. See Insulin receptor substrate proteins 
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IRS-1, 371 
animal model of disruption of, 238 
defects in in diabetes, 71 
in early adaptation to starvation, 7 
in insulin mechanism of action, 69-71, 691, 70f 371 
in insulin resistance/type 2 diabetes, 385, 390, 391 
molecular studies of, 208-209 
IRS-2 
in early adaptation to starvation, 7 
insulin resistance/type 2 diabetes and, 57, 385, 391 
molecular studies of, 208-209 
Ischemia 
myocardial, in cardiovascular autonomic neuropathy, 791 
nerve, in diabetic neuropathy, 756-757, 756f, 848 
retinal, in diabetic retinopathy, 653, 664-665 
Ischemic pressure ulceration, in diabetic foot, 863-865, 863f 864f 865f 
Islet amyloid. See also Islet amyloid polypeptide (LAPP/amylin) 
in type 2 diabetes, 259-261 
frequency of, 259 
nature and pathogenesis of, 260-261, 260f 261f 
pathogenic importance of, 260 
structure and topography of, 259-260, 259f, 260f 
Islet amyloid polypeptide (IAPP/amylin), 33-35, 33f, 34f 45, 51, 370. See 
also Islet amyloid 
biosynthesis of, 34-35 
cytotoxic effect of, 260 
fibril forming tendency of, 261, 261f 
gene for, 34, 34f 
insulin resistance and, 370 
meal termination and, 153 
interaction with adiposity signals and, 158-159 
mechanisms of formation of, 35 
nature and pathogenesis of, 260-261, 260f 261f 
overproduction of, animal model of, 238, 261 
precursor of, 34, 34f 
receptor for, 35 
structure of, 33f, 34f 260, 260f 
in type 2 diabetes, 259-261, 337, 338 
Islet cell antibodies (ICA). See also specific type under ICA 
in BB rats, 236 
restrictive, 312 
in type | diabetes, 311-313, 3117 
natural history and, 302-303, 304 
after viral infection, 279 
Islet cell number/volume 
in type | diabetes, 257, 258f 
in type 2 diabetes, 258-259, 337 
Islet cell surface antibodies, in BB rats, 236 
Islet cell transplantation, 941-948, 951 
clinical, 942-943 
experimental, 941-942 
financial issues and, 936 
future of, 936-937 
islet tissue supply and, 943-944, 943f 
organ allocation and, 936 
pretreatment of donor islets for, 944-945 
rejection prevention and, 942, 944-945 
versus vascularized pancreas transplantation, 927, 941 
Islet cell tumors 
glucagon-producing (glucagonoma), 109-110, 268, 429-430, 430r, 904 
insulin-producing (insulinoma), 962, 966, 967-968, 970 
Islet duodenum homeobox-1! (IDX-1). See also Pancreas duodenum 
homeobox-containing transcription factor- 1 
insulin gene expression and, 45 
Islet hyperplasia 
hypoglycemia and, 962 
in type 2 diabetes, 259 
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Islet inflammation. See Insulitis 
Islet regeneration 
in type | diabetes, 258 
in type 2 diabetes, 259, 338 
Isletitis. See Insulitis 
Islets of Langerhans. See also under Islet and Beta cells 
anatomy of, 43-45 
circulatory/neural/intraislet inputs of, 43-45 
endocrine cells of, 43. See also specific type 
inflammatory cell infiltrates in. See Insulitis 
in type | diabetes, 257-258, 258/ 
in type 2 diabetes, 258-261, 259f, 260f, 261f, 332-338 
Isoflavones, in nutritional management, 444 
Isoflurane, metabolic effects of, 611 
Isolated postchallenge hyperglycemia (IPH), in older patient, 415 
Isomalt, in nutritional management, 440, 440r 
Italian National Research Council Study Group on Diabetic Retinopathy, 
912r, 914 
TUF 1. See PDX1 
IUGT. See Intrauterine growth retardation 
IVGTT. See Intravenous glucose tolerance test 


J Goining) gene segment, of T-cell receptor, 220, 221f 

JAK. See Janus kinase 

Jamaican vomiting sickness, hypoglycins causing, 962 

Janus kinase (JAK), genetically-engineered cell lines with resistance to 
immune destruction and, 211 

JCR:LA-cp corpulent rats, 244 

Jejunostomy, feeding, for gastroparesis. 883-884 

Job discrimination laws, 977, 978. See also Employment 

JODM (juvenile-onset diabetes mellitus). See Type 1 diabetes mellitus 

Joining (J) gene segment, of T-cell receptor, 220, 221f 

Juvenile-onset diabetes mellitus (JODM). See Type | diabetes mellitus 


K. See Potassium 
K cells, GIP synthesized by, 86 
KAD 1299, for type 2 diabetes mellitus, 955 
Kallikrein, in diabetic nephropathy, 703 
Karp channels, beta cell 
in insulin release, 31, 46 
molecular studies of, 201 
nateglinide affecting, 539 
repaglinide affecting, 537 
sulfonylureas affecting, 532, 533f 
cardiovascular disease and, 534-535 
Kearns-Sayre syndrome, genetic studies of, 350 
Ketoacidosis (diabetic) (DKA), 10f, 11, 573-586. See also Ketogenesis 
acute abdomen symptoms and, 616-617 
blood ketones in, 578-579 
central nervous system alterations in, 582-583 
complications of, 583-584 
counterregulatory hormones and, 574-575, 574r 
diagnosis of, 575-576, 5761 
incidence of, 573 
laboratory and water abnormalities in, 576-578. 5762, 5771 
morbidity and mortality associated with, 584 
pathogenesis of. 573-575, 5741 
patients presenting in, 280 
precipitating factors and, 575 
stress-induced hyperglycemia and, 140-141, 141f 
treatment of, 579-581, 5801 
acid-base changes during, 581-582 
Ketoacids, 15. See also Ketogenesis 
in diabetic ketoacidosis, 574 
Ketoalkalosis (diabetic), 576 
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Ketogenesis, 15-22, 21f, 574-575, 5741. See also Ketoacidosis 
adipose tissue—liver relationship in, 16-17 
biochemical aspects of, 18-20, 18f 
exercise/physical activity and, 456 
glucagon in, 17-18, 17f 104, 108-109, 109f 110f 574, 574t 
hormonal control of, 17-18, 17f 
in starvation, 7, 8-9. 15, 16f 
Ketogenic diets, 439 
Ketogenic hypoglycemia. 965-966, 969 
Ketone bodies, 15. See also Ketogenesis 
in diabetic ketoacidosis, 574, 578-579 
monitoring urinary levels of. in gestational diabetes, 633 
surgery affecting levels of, 612 
Ketotic hypoglycemia, 965-966, 969 
Kexin, 25 
Kg, beta cell function/insulin synthesis secretion and, 531, 54 
Kidney disease. See Nephropathy; Renal insufficiency/disease 
Kidney transplantation, 740-741, 921-922 
pancreas transplantation and, 740-741, 922, 927-939. See also 
Pancreas/pancreas-kidney transplantation 
Kimmelstiel-Wilson nodules, 698f, 723, 724f 
Kimmelstiel-Wilson syndrome, 733 
Kir6.2 subunits, beta cell. in insulin release, 46 
KK mice, 240-241 
Klebsiella pneumoniae, pneumonia caused by, 507 
Km allotypes. type | diabetes association and, 310 
Koletzky (SH ROB/fa*) rats, 245 
Kroc group study, 9127, 913 
Krow-Fukasi (POEMS) syndrome, glucose intolerance in, 432 
Kumamoto study, glycemic control in type 2 diabetes and, 516-517, 
919-920 
Kwashiorkor, hypoglycemia and, 965 
Kyrle’s disease, 903 


L cells 
glucagon-like peptides produced by, 89, 90, 98, 98f 
preproglucagon produced by, 97, 98f 
Labor and delivery. pregestational diabetes and, 629-630 
Lactate. as insulin secretagogue, 204-206 
Lactation, nutritional management and, 446 
Lactitol. in nutritional management, 440, 440r 
Lactogen, placental, insulin resistance and, 369, 620 
B-Lactoglobulin, antibodies to, in type | diabetes, 318 
LADA. See Latent autoimmune diabetes of adulthood 
Langerhans. islets of. See Islets of Langerhans 
Lantus. See Gly*?!Arg®*! Arg*?—-human insulin 
Laparoscopic cholecystectomy, for gallstones, 888 
Large intestine, disorders of, 886 
Latent autoimmune diabetes of adulthood (LADA), 267, 280, 301 
natural history of, 304 
Latent diabetic, in WHO classification scheme, 269 
“Latent shock of dehydration,” 589 
Lateral hypothalamic area (LHA), in weight/food intake regulation, 157, 
157-158 
Lauroleic acid, in nutritional management, 4427 
Law enforcement. employment of diabetic patients in, 979-980 
“Lazy left colon.” in infants of diabetic mothers, 644 
LC-CoA. See Long-chain acyl CoA 
LCD. See Low-calorie diets 
LDL. See Low-density lipoproteins/cholesterol 
Learning principles, in health education for diabetes self-management, 983 
Lens proteins. nonenzymatic glycation of in diabetes, cataract formation 
and, 659 
Lente insulin, 486 
injection timing/clinical implications and, 489-490 
in multiple daily injection (MDI) regimen, 503-504 


pharmacokinetics and pharmacodynamics of, 488 
in twice-daily administration regimen, 502 
Lentiviruses, as gene transfer vectors, 198 
lep” (ob/ob) mice, 240 
lepr” (db/db) mice, 238-240, 2391 
Leprechaunism, 267, 347, 355, 394 
lepr™ (fa/falZucker) rats, 241-242 
diabetic (ZDF/Drt-fa), 243 
lepr? (diabetic corpulent) rats, 243-244 
Leptin, 401 
as adiposity signal, 156, 156f 
animal models of action of, in db/db (lepr””) mice, 239-240 
interaction with signals controlling meal size and, 158-159 
melanocortins and, 157 
in obesity 
insulin resistance and, 57, 391, 407, 408f 
resistance to, 159, 391 
in stress hyperglycemia, 129 
thiazolidinediones affecting, 547 
weight/food intake regulation and, 156, 156f 
LETL (Long Evans Tokushima Lean) rats, 237-238 
Leucine-induced hypoglycemia, 965, 969 
management of, 971 
Leukocytes, abnormalities of in diabetes, 603 
Leukocytosis, in hyperglycemic hyperosmolar syndrome, 590 
treatment and, 596r 
Leukotaxis, impaired, periodontitis and, 606 
Level of consciousness, worsening, in hyperglycemic hyperosmolar 
syndrome, 595r 
Levosulpiride, for gastroparesis, 795-796 
LEW.1AR1/Ztm-iddm rat, 238 
LHA. See Lateral hypothalamic area 
Licensing issues, for diabetic patients, 980 
Lidocaine, for painful diabetic neuropathy, 785 
Life insurance, for diabetic patients, 977 
Lifestyle interventions. See also Diet; Exercise/physical activity 
in coronary heart disease prevention, 824, 8251 
in type 2 diabetes prevention, 292, 292f, 952 
in older patients, 415 
Limb salvage, in diabetic foot, arterial reconstruction and, 853-854, 853f 
854f, 896 
Limited joint mobility (LJM), 898-899, 899f 
Linkage analysis 
diabetic nephropathy gene and, 705, 727 
type | diabetes genetic markers and. 310r, 311 
Linkage disequilibrium 
HLA-diabetes association and, 304 
TAP-diabetes association and, 309 
Linoleic acid, in nutritional management, 441 
Lipase 
in diabetic ketoacidosis, 578 
lipoprotein (LPL), 4, 5f 
dyslipidemia in type 2 diabetes and, 807, 808 
Lipid-lowering therapy, 809, 810r 
for coronary heart disease, 827 
Lipid-mediated transfection, for gene transfer studies. 197 
Lipid messenger system, in insulin release, 48 
Lipid metabolism 
in alloxan-treated animals, 234 
exercise/physical activity affecting, 456 
in fasted state, 5f 7 
in fed state, 4-5, 5f 
diabetes affecting, 10-11 
GIP in, 88-89 
glucagon in, 104, 108-109, 109%, 1 10f 
glucose relationship and, molecular studies of, 201. 206-207, 208-209f 
in STZ-treated animals, 234 
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Lipids. See Fats (lipids) 
Lipoatrophy 
generalized, diabetes associated with, 267, 393 
insulin injections causing, 904 
Lipodystrophy, generalized, diabetes and, 267, 393 
Lipohypertrophy, insulin injections causing, 904 
Lipolysis 
counterregulatory hormones affecting, 428r 
in early response to starvation, 7 
exercise/physical activity affecting, 456 
Lipoprotein (a), thiazolidinediones affecting, 549 
Lipoprotein lipase (LPL), 4, 5f 
dyslipidemia in type 2 diabetes and, 807, 808f 
Lipoproteins. See also High-density lipoproteins; Low-density lipoproteins 
in atherosclerosis, 165, 166f 
dyslipidemia in type 2 diabetes and, 807-809, 808f 823 
high levels of. See Hyperlipoproteinemia 
oxidation of, in atherosclerosis, 167, 167-169, 168r 
diabetes and, 170, 807-808 
Lipostatic hypothesis, 154 
Lisinopril, for acute MI, 832 
Lithotripsy, extracorporeal, for gallstones, 888 
Liver 
fatty, 888-889 
fatty acid metabolism in, 18-20, 18f 
in glucose metabolism, 331-332, 332f 
exercise/physical activity affecting, 455—456 
in fasted state, after overnight fast (postabsorptive state), 5-6, 6f 
in fed state, 2-3, 3f 4f 
diabetes affecting, 10 
glucagon affecting, 101-104, 102f 103f 
hypotension/shock affecting, 132 
portal signal in, 122-124, 122f 123f 
glucose sensors in, 119 
insulin production by, gene therapy studies and, 213-214 
in ketogenesis, adipose tissue and, 16-17 
in protein metabolism, 4 
Liver disease/impairment, 888-890. See also specific disorder 
acarbose use in patients with, 545 
in hyperglycemic hyperosmolar syndrome, 590 
hypoglycemia and, 965 
repaglinide use and, 538 
sulfonylurea use and, 536 
thiazolidinedione use and, 551, 553 
LJM. See Limited joint mobility 
Long-acting insulin, 950-951 
in multiple daily injection (MDI) regimen, 503-504 
in type 2 diabetes therapy, 519-520 
Long-chain acyl CoA 
in insulin release, 48 
molecular studies of, 201, 206-207 
in insulin resistance, 407 
Long Evans Tokushima Lean (LETL) rats, 237-238 
Long-term care patients, institutionalized, diabetes management for, 422 
Losartan 
diabetic nephropathy affected by, 736 
for hypertension in diabetes, 820 
Low-calorie diets, 439 
Low-carbohydrate diets, 439 
Low-density lipoproteins/cholesterol (LDL) 
in atherosclerosis, 165, 166-167, 166f 
immune mechanisms and, 171 
nonenzymatic glycation in diabetes and, 170 
oxidative modification and, 167, 167-169, 168r, 170 
free radicals and, 847 
autoantibodies against, 171 
dietary, in nutritional management, 44], 4411, 442 
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Low-density lipoproteins/cholesterol (LDL) (cont.) 
levels of in diabetes, 805, 806f 
glycemic control affecting, 806 
ideal, 810 
metformin affecting, 541 
thiazolidinediones affecting, 549 
Low-leucine diet, for leucine-induced hypoglycemia, 971 
Low-protein diet, in diabetic nephropathy, 447, 739-740, 739f 
Low-sodium diet 
in hypertension management, 816 
in nutritional diabetes management, 443-444 
Lower extremity 
amputation of, for diabetic foot, 849 
diabetic vascular disease in, 851-853, 851f 852 
LPL. See Lipoprotein lipase 
LY333531, PKC activity affected by, microvascular disease management 
and, 192 
diabetic retinopathy and, 656 
Lymphocytes 
antigen-specific, clonal selection of, 219, 220f 
developmentelection of, 222-223 
in host defenses, 602 
abnormalities of in diabetes, 603-604, 603r 
receptors for, diversity of, 219-221, 221f 
Lys®**Pro**°_human insulin (insulin lispro), 492, 493-495, 493f, 494f 
501-502, 502f, 950 
in mixed preparations, 502 
in multiple daily injection (MDI) regimen, 503-504 
in twice-daily administration regimen, 502 


MA gene, lentivirus, gene transfer and, 198 
MacArdle’s disease, 963 
Macronutrients, in nutritional management, 439-443 
Macrophages, diabetes affecting function of, atherosclerosis and, 170-171 
Macrosomia, maternal diabetes and, 623, 641, 642, 646 
Macrovascular disease. See also Atherosclerosis; Cardiovascular disease 
exercise/physical activity and, 474-475 
intensive diabetes management and, 918 
microvascular disease and, 171-172 
in older patients, 415, 4167, 420 
pregnancy and, 625 
Macula, 663 
Macular detachment, 669 
Macular edema (diabetic), 653, 667-669, 668f 
duration of diabetes and, 675 
hypertension and, 678 
photocoagulation for, 684 
vascular endothelial growth factor (VEGF) in, 657, 657f 
Maculopathy, 667-669. See also Macular edema 
Magnesium. See also Hypomagnesemia 
in diabetic ketoacidosis, 576, 5761, 5771, 578 
dietary 
in hypertension management, 817 
in nutritional management, 443 
in hyperglycemic hyperosmolar syndrome, 5921, 594 
Major histocompatibility complex, in NOD mice, 225 
Major histocompatibility complex molecules, 3047, 305f See also Class I 
MHC molecules; Class II MHC molecules; Human leukocyte 
antigens 
overexpression of, in type 1 diabetes, 258 
T-lymphocyte recognition of, 221-222, 222f 
gene polymorphism and, 222, 223f 
restriction and, 222, 223f 
Male sexual dysfunction, autonomic neuropathy and, 796-799, 797f, 7981 
Malignant external otitis, 605, 900 
Malignant hyperthermia, in diabetic ketoacidosis, 584 
Malnutrition, profound, hypoglycemia and, 965 
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Malonyl CoA 
in alloxan- and STZ-treated animals, 234 
in insulin synthesis, molecular studies of, 201, 206, 208f 
in ketogenesis, 16, 19, 20, 21f 
as metabolic signal in weight regulation, 154 
Malonyldialdehyde, in diabetic neuropathy, 757 
Maltase, acarbose/miglitol inhibition of, 543 
Mannitol, in nutritional management, 440, 4407 
MAOIs. See Monoamine oxidase inhibitors 
MAP kinase (MEK), p2lras binding and, 76 
MAP kinase-activated protein kinase-1 (MAPKAPK-1), in glycogen 
synthase regulation, 74 
MAPK. See Mitogen-activated protein kinase 
MAPKAPK-1. See MAP kinase-activated protein kinase-1 
Maple syrup urine disease, hypoglycemia and, 966 
Maternally inherited diabetes and deafness (MIDD), genetic studies of, 340 
Matrix-cell interactions, AGEs affecting, 186 
Mawix-matrix interactions, AGEs affecting, 186 
Matrix metalloproteinases, in diabetic nephropathy, 706 
Maturity-onset diabetes of the young (MODY), 267, 347, 351-354. See 
also Familial mild hyperinsulinemic diabetes 
classification of, 2661, 267 
genetic factors in, 351-354 
glucokinase mutations in (MODY-2), 33, 46, 202, 267, 351-353, 352f, 
353f 
HNF- 1a mutations in (MODY-3), 33, 267, 353, 354f, 355f 
HNF-18 mutations in (MODY-S5), 267, 354 
HNF-4a mutations in (MODY-1), 33, 267, 351, 351f, 352f 
NeuroD1/BETA2 mutations in (MODY-6), 267 
PDX1 (IPF-1) mutations in (MODY-4), 33, 267, 353-354 
MC3 receptor, in weight/food intake regulation, 157 
MC4 receptor, in weight/food intake regulation, 157, 158f 
MCP-I. See Monocyte chemoattractant protein-1 
MD-STZ diabetic mice, 234-235 
MDI regimen. See Multiple daily injection (MDI) regimen 
Meal-related (prandial) insulin, 488, 488f 951 
Meals 
energy balance and, 151-154 
frequency/timing of, in nutritional management, 444-445 
signals for initiation of, 151-153 
signals for termination of, 153-154 
interaction with adiposity signals and, 158-159 
Mealtime hyperglycemia, prevention of 
in type | diabetes, 951 
in type 2 diabetes, 953 
Medicaid, health insurance available from, 975 
Medical illness, diabetic ketoacidosis and, 575 
Medical nutrition therapy. See Nutritional management 
Medicare, health insurance available from, 975 
reimbursement for specific aspects of care and, 976 
Medication/drug use 
assessment of in older patient with diabetes, 419 
diabetes associated with, 268, 318 
erectile dysfunction and, 798, 798r 
glucose metabolism affected by, 417, 4171 
insulin resistance associated with, beta cell adaptation and, 57 
“Medigap” insurance, 975 
Meditation, for children/adolescents with type 1 diabetes, 569 
Megaloblastic anemia. metformin use and, 542 
Meglitinides. See also Repaglinide 
diabetic nephropathy and, 739 
sites of action of, 532f 
MEK. See MAP kinase 
Melanocortins, in weighv/food intake regulation, 157 
a-Melanocyte-stimulating hormone (a-MSH), in weight/food intake 
regulation, 157 
MELAS syndrome, genetic studies of, 349-350 
Membrane ion fluxes, beta cell, in insulin release, 31, 46 
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Memory, assessment of in older patient with diabetes, 418 
Memory meters, for blood glucose self-monitoring, 508 
MEN 1 (Wermer’s syndrome), glucose intolerance in, 432 
MEN IIA (Sipple’s syndrome), glucose intolerance in, 432 
MEN IIB, glucose intolerance in, 432 
Menarchal status, diabetic retinopathy and, 674 
Menstruation, diabetic ketoacidosis and, 575 
Mental deficiency, in offspring of diabetic mothers, fuel-mediated 
teratogenesis and, 645 
Mesangium, in diabetic nephropathy, 706, 723, 724f 
glycemic control and, 702, 702f 703f 
pathologic changes and, 697, 698-700, 698/ 699f 
structural-functional relationships and, 700-701, 701f, 702 
Messenger RNA (mRNA), insulin 
gene expression in thymus and, 32 
glucose affecting, 31 
synthesis and packaging in secretory granules and, 45 


MHC restriction, 222. 223f 
MI. See Myocardial infarction; Myoinositol 
Michigan Neuropathy Program, neuropathy screening instruments of, 777, 
778f, 779f, 780f 
Miconazole, sulfonylurea drug interactions and, 537 
Microalbuminuria, 737 
diabetic nephropathy and, 698-700, 699f 729-730, 729f 7291, 737 
ACE inhibitors affecting, 736 
glycemic control and, 702, 916-918, 9161, 917 
thiazolidinediones affecting, 738 
Microaneurysms, retinal, 663-664, 664f 
Microangiopathy. See also Microvascular disease 
pathophysiology of, 845 
Micronutrients, in nutritional management, 443-444 
Microsomal transfer protein, dyslipidemia in type 2 diabetes and, 807, 808f 
Microvascular cell loss, vessel occlusion and, 182 
Microvascular disease. See also specific disorder 


Meta-analysis, of glycemic control-complications relationship studies, 
911-912, 911r 
Metabolic acidosis 
in diabetic ketoacidosis, 576, 582 
in diabetic nephropathy, 732 
in hyperglycemic hyperosmolar syndrome, 587, 590 
Metabolic alkalosis, in diabetic ketoacidosis, 576 
Metabolic/hemodynamic (acquired) theory, of diabetic nephropathy, 
702-704, 725-726, 7251, 726f, 727-728, 727f 
Metabolic syndrome (syndrome X), 266 
Metabolism. See also specific type 
exercise/physical activity affecting, 453-480 
delaying exhaustion and, 454 
diabetes prevention and, 468-475 
medical benefits and, 463-468 
substrate metabolism regulation and, 454463, 454f 
efficiency and, 453-454 
pancreas/pancreas-kidney transplantation affecting, 934-935, 934f 935f 
Metatarsal/tarsal fracture, 876 
Metformin, 346-347, 517, 539, 539-543 
blood pressure affected by, 541 
body weight affected by, 541, 542, 807 
cardiac effects of, 541-542, 542f 
clinical use/efficacy of, 540 
in combination therapy, 539, 540 
with acarbose, 555-556, 5571 
with glitazone, 554-555, 557r 
with insulin, 557-558 
with repaglinide, 554, 5571 
with sulfonylurea, 554, 5571 
contraindications/cautions in use of, 542-543 
in diabetic nephropathy, 542, 543, 738 
dosing recommendations for, 542 
drug interactions and, 543 
insulin secretion affected by, 540-541 
insulin sensitivity affected by, 540, 541f 


advanced glycation endproduct (AGE) formation and, 185-187, 186f, 
847 
management with AGE inhibitors and, 191-192 
superoxide overproduction and, 190, 190f 847 
aldose reductase function and, 183-185, 185f 
management with aldose reductase inhibitors and, 191 
superoxide overproduction and, 189-190, 190f 
atherosclerosis development in diabetes and, 171-172 
biochemical mechanisms of, 181-196 
cell loss/vessel occlusion and, 182 
endothelial cell dysfunction and, 181—182, 846-848, 847f 
genetic determinants of susceptibility to, 182-183, 184f 
hexosamine pathway flux and, 187-188, 188f 
management with hexosamine pathway inhibitors and, 192 
superoxide overproduction and, 190-191, 190f 
hyperglycemic memory and, 182, 184f 
molecular basis for, 191 
intracellular hyperglycemia and, 181, 182f 183f 
mechanisms of hyperglycemia-induced damage in, 183-188 
in older patients, 416r, 420 
pancreas/pancreas-kidney transplantation affecting, 935 
pathophysiology of, 181-183, 845-848, 846f 847f 
pharmacologic management of, prospects for, 191-192 
polyol pathway flux and, 183-185, 185/ 
superoxide overproduction and, 189-190, 190f 
pregnancy and, 624-625 
protein accumulation in vessel wall and, 182 
protein kinase C activation and, 187, 187f 
management with PKC inhibitors and, 192, 656 
renal disease and, 707, 727-728, 727f 
retinal disease and, 655-656, 655f 
superoxide overproduction and, 190, 190f 
skin disorders and, 895 
superoxide overproduction and, 188-191, 189f 190f 847 
future drug targets for management and, 192 
vessel occlusion and, 182 


lipid levels affected by, 541, 807 
mechanism of action of, 540 
PAI-1 activity affected by, 178 


Microvascular skin flow, in autonomic neuropathy, 799-801, 800f 
MIDD. See Matemally inherited diabetes and deafness 
Miglitol, 543, 543f 


pharmacokinetics of, 540 
polycystic ovary syndrome (PCOS) and, 541, 542 
in prevention/delay of onset of type 2 diabetes, 542 
side effects of, 542 
structure of, 539f 
surgery in patient taking, 615-616 
Methylglyoxal, in diabetic nephropathy, 709 
Metoclopramide, for gastroparesis, 795, 883 
Mexiletine, for painful diabetic neuropathy, 785, 785r 
Mg. See Magnesium 
MHC. See Major histocompatibility complex; Major histocompatibility 
complex molecules 


cardiac effects of, 545 

clinical use and efficacy of, 544, 544f 
contraindications to, 545-546 

dosage recommendations and, 545 
drug interactions and, 546 

insulin sensitivity affected by, 544-545 
mechanism of action of, 543 
pharmacokinetics of, 543-544 

side effects of, 545-546 

weight loss and, 545 
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Military, employment of diabetic patients in, 980 
Minerals, in nutritional management, 443-444 
Missense mutations, in insulin receptor, 356, 358f 
Mitochondrial diabetes, genetic studies of, 350-351 
Mitochondrial electron transport chain, superoxide overproduction by, in 
microvascular disease, 188-191, 189f, 190f 
Mitogen-activated protein kinase (MAPK), in insulin mechanism of 
action, 76 
Mixed acidosis, in diabetic ketoacidosis, 576, 576r 
Mixed hyperglycemic hyperosmolar syndrome, 587 
Mixed insulin preparations, 487 
twice daily injection regimens and, 502-503, 503f 
MMC. See Migrating motor complex 
MMP. See Matrix metalloproteinases 
MMR vaccine, type | diabetes and, 320 
MNCV. See Motor nerve conduction velocity 
MODY. See Maturity-onset diabetes of the young 
MODY-! (HNF-4a), 33, 267, 351, 351% 352f 
MODY-2 (glucokinase), 33, 46, 202, 267, 351-353, 352f, 353f 
MODY-3 (HNF- 1a), 33, 267, 353, 354f, 355f 
MODY-4 (PDX-I/AIPF-1), 33, 267, 353-354 
MODY:-5 (HNF-1B), 267, 354 
MODY-6 (NeuroD 1/BETA2), 267 
Molded insoles, diabetic foot care and, 868 
Molecular/cell biology. See also Gene transfer studies; Genetic engineering 
beta-cell, 23-41, 197-217 
Molecular mimicry, in type | diabetes, 283, 320, 320r, 321 
induction of autoimmunity and, 226 
Monilial esophagitis, 880 
Monoamine oxidase inhibitors (MAOIs), sulfonylurea interaction and, 537 
Monocyte chemoattractant protein-1 (MCP-1), in atherosclerotic fatty 
streak formation, 166 
Monocytes, in atherosclerotic fatty streak development, 165-167, 166f 
diabetes and, 170-171 
Mononeuropathy/mononeuritis (diabetic), 773, 7731, 778-779, 781 
multiplex, 773r, 778-779, 781 
cis-Monosaturated fatty acids, in nutritional management, 441, 442 
Monotherapy, for type 2 diabetes, 554, 555f, 556f, 556r. See also specific 
agent 
Mortality rates 
diabetic ketoacidosis and, 584 
diabetic retinopathy and, 681, 682f 
type | diabetes mellitus and, 284 
type 2 diabetes and, 287 
Motilin, in gastroparesis diabeticorum, 880 
Motor nerve conduction velocity (MNCV). See also Nerve conduction 
velocity 
slowing of in diabetes, 748 
mRNA. See Messenger RNA 
a-MSH. See a-Melanocyte-stimulating hormone 
mTOR protein kinase, insulin regulation of protein synthesis and, 74 
MTP. See Microsomal transfer protein 
Mucor/mucormycosis, 605-606, 901 
Multiple daily injection (MDI) regimen, 503-504, 503f 
initial insulin dosages for, 504 
Multiple endocrine neoplasia, glucose intolerance in, 432 
Multivessel coronary artery disease, 830-831, 8312 
Mumps virus infection, type 1 diabetes and, 319-320 
Muscle 
in glucose metabolism, 3, 3f 
exercise/physical activity and, 9, 457-461, 457f, 458f 474 
glucose uptake and, 457-461, 457f, 458f 
humoral factors affecting, 460-461 
insulin action in, exercise/physical activity affecting, 474 
obesity-induced changes in, in insulin resistance, 408 
Muscle weakness, in hyperglycemic hyperosmolar syndrome, 595r 
Mycophenolate mofetil, for pancreas transplantation, 930, 933 
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Myocardial infarction, 831-833 
cardiovascular autonomic neuropathy and, 791 
coronary artery bypass grafting and, 828 
heart failure and, 831-832 
hyperglycemia and, 136-137 
percutaneous transluminal coronary angioplasty and, 829, 829r 
retinopathy associated with, 681, 6817 
Myocardial perfusion imaging, in asymptomatic coronary artery disease, 
826, 826f 
Myofibrillar proteins, abnormalities of in diabetes, cardiomyopathy and, 836 
Myoinositol (MI), in sorbitol-osmotic hypothesis of diabetic neuropathy, 
752-755 
autonomic dysfunction and, 790 
Myristoleic acid, in nutritional management, 442r 


n-3 (omega-3) fatty acids, in nutritional management, 441 
N (nongenomically encoded) nucleotides, receptor diversification and, 220 
Na. See Sodium 
Na*/K*-ATPase 
in diabetic neuropathy, 755-756 
autonomic dysfunction and, 790 
oxidative stress and, 758 
endothelial dysfunction and, 847 
polyol pathway flux and, 185 
Na*/Li* countertransport, in diabetic nephropathy, 705 
NADH/NAD*, polyol pathway flux affecting, 185 
Nadler-Wolfer-Elliott syndrome, hypoglycemia caused by, 962, 967 
NADPH, polyol pathway flux affecting, 185 
in diabetic neuropathy, 754 
Naples study, 9122, 914 
Nateglinide, 539, 539f, 955 
diabetic nephropathy and, 739 
National Diabetes Data Group (NDDG), on diabetes classification and 
diagnosis, 269-270 
Natural killer cells, autoimmune responses in type | diabetes and, 227 
Nausea and vomiting, in diabetic gastroparesis, 795 
NCV. See Nerve conduction velocity 
NDDG. See National Diabetes Data Group 
Necrobiosis lipoidica, 901-902, 901f 
Necrolytic migratory erythema, 904 
Necrotizing cellulitis, 604 
Necrotizing fasciitis, 900 
Needle electromyography, in diabetic neuropathy diagnosis, 775, 776r 
Needs assessment, health education for diabetes self-management and, 988 
Negative selection, T lymphocyte, 223 
Neonatal hypoglycemia, 643-644, 959, 969 
Neovascular glaucoma, 658, 658f 
Neovascularization, retinal, 653, 654f, 665-667, 665f, 666-667f 
growth factors and, 656-658. 656f 
inhibitors of, 658 
Nephropathy (diabetic), 697-721, 723-745 
acarbose/miglitol use in patients with, 545, 739 
acquired (metabolic/hemodynamic) theory of, 702-704, 725-726, 725r, 
726f. 727-728, 727f 
aldose reductase activity and, 71 I 
Amadori-glycated albumin and, 710-711 
angiotensin II in, 708 
blood glucose control and, 738-739, 738r 
bradykinin in, 708 
cardiovascular disease and, 704-705 
clinical correlations and, 732-733 
clinical course of, 728-729, 728f 
cytokines in, 707-709 
dialysis in, 740 
dyslipidemia in, treatment of, 740 
edema and, 733 


electron microscopy in, 697-700, 698f 699f 
endothelins in, 708-709 

epidermal growth factor (EGF) in, 707 
familial clustering of, 704, 727, 727f 

genes for, 705-706 


genetic predisposition to, 183, 184f, 704-706, 7252, 726-727, 727f 


glomerular filtration rate in, 730-731, 730f 
glomerulosclerosis and, 723-724, 724f 

pathogenesis of, 725-727, 7251, 726f, 727f 
glucose absorption in peritoneal dialysis and, 739 
glucosuria in, 731 


glycemic control and, 702, 702f, 703f, 738, 7381, 916-918, 9162, 917f 


glycosylation products and, 710-711, 727, 727f 
growth factors in, 706-707 
growth hormone in, 706-707 


hemodynamic mechanisms in, 702-704, 725-726, 7251, 726f, 727-728, 


127f 

hyperkalemia and, 731-732, 731f 
hypertension and, 702-704, 704-705, 733 

treatment of, 733-737, 734f, 7341, 735f 7351, 736f 
hypoglycemia in renal failure/dialysis and, 739 
immunofluorescence microscopy in, 697 
incidence of, 723, 724f 
incipient, 729 
insulin action/sensitivity and, 738-739 
insulin-like growth factors in, 706-707 
intravenous pyelography in, 737 
laboratory abnormalities in, 730-732 
light microscopy in, 697, 698f 
metabolic acidosis in, 732 


metabolic/hemodynamic (acquired) theory of, 702-704, 725-726, 725r, 


726f, 727-728, 727f 
metformin use contraindicated in patients with, 542, 543, 738 
microalbuminuria in, treatment of, 737 
neurogenic bladder in, treatment of, 737 
neuropathy and, 733 
nutritional management and, 447, 739-740, 739f 
dialysis and, 740 
overt, 730 
oxidative stress and, 709-710 
pancreas/pancreas-kidney transplantation affecting, 935, 935f 
pathogenesis of, 702-706, 727-728, 727f 
pathology of, 607-700 
in type | diabetes, 697-700, 698f 699/ 
in type 2 diabetes, 700 
pathophysiology of, 706-711 
pregnancy and, 625 
prorenin levels in, 707-708 
protein kinase C (PKC) in, 707, 727-728, 727f 
protein restriction and, 739-740, 739f 
proteinuria in, 730 
renal transplantation in, 740-741 
renin levels in, 707-708, 731-732, 731f 
repaglinide use in patients with, 538, 739 
retinopathy and, 679-680, 732, 733 
sodium/lithium countertransport and, 705 
staging of, 729-730, 729f 7291 
Steno hypothesis of, 711 
structural-functional relationships in, 700-702 
in type | diabetes, 700-701, 701f 
in type 2 diabetes, 701-702 
sulfonylurea use in patients with, 536, 738-739 
thiazolidinedione use in patients with, 551, 738 
transforming growth factor B in, 706 
treatment of, 733-741, 734r 
tubulointerstitial disease and, 724-725, 724f 
urinary tract infection in, 737 
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vascular endothelial growth factor (VEGF) in, 707 
vascular involvement and, 724, 724f 
Nephrotic syndrome, diabetic nephropathy and, 730 
Nerve conduction studies, in diabetic neuropathy diagnosis, 775, 776r 
Nerve conduction velocity (NCV) 
slowing of in diabetes, 748-749, 750, 752r 
aldose reductase/sorbitol pathway and, 752, 752-755, 753f 
animal models of, 750 
biochemical mechanisms in, 751 
nerve metabolism and, 751, 7517 
signal transduction alterations and, 754-755 
testing, diabetic neuropathy diagnosis and, 775 
Nerve function tests, quantitative, in diabetic neuropathy diagnosis, 774 
Nerve growth factor, in diabetic neuropathy, 761-762 
autonomic dysfunction and, 790 
Nerve hypoxia, in diabetic neuropathy, 756-757, 756f, 848 
Nervous system 
in diabetic ketoacidosis, alterations in, 582-583 
in glucose regulation, 117-126 
CNS response to hyperglycemia and, 122-124, 122f, 123f 
CNS response to hypoglycemia and, 118-122, 119f 121f 
defects in, 120-122, 121 f, 525-526 
glucose requirements of, 2 
islets of Langerhans innervated by, 44-45 
Nesidioblastosis (persistent hyperinsulinemic hypoglycemia of infancy), 
962 
management of, 970 
Neuroarthropathy (Charcot’s joint), 784 
NeuroD1. See Neurogenic differentiation factor 1 
Neuroendocrine system 
in glucose regulation 
maintenance of plasma levels and, 127, !28f 
neuroendocrine signals in stress and, 128f 130, 130f 
regulation of production and utilization and, 127-128, 128f 
response to hypoglycemia and, 132-135, 132f, 133f 134f 
stress-induced activation of, carbohydrate metabolism affected by, 
127-149, See also Stress hyperglycemia 
Neurogenic bladder, 737, 799 
Neurogenic differentiation factor 1 (NeuroD1). See also Beta-cell E box 
transactivator (BETA2) 
insulin gene expression and, 29, 30, 31 
mutations in, in maturity-onset diabetes of the young (MODY-6), 267 
Neurogenic gallbladder (cholecystopathy/gallbladder atony), 796, 
886-887 
Neurogenic symptoms, in hypoglycemia, 525 
Neuroglucopenia/neuroglycopenia, 132. 525, 959. See also Hypoglycemia 
sensing, 119, 119-120, 119f 
defects in, 121 
stress of 
autonomic response to, 132-135, 133f 
leptin as mediator of, 129 
Neurologic deficits 
in hyperglycemic hyperosmolar syndrome, 590 
in offspring of diabetic mothers, fuel-mediated teratogenesis and, 645 
Neurolytic migratory erythema, in glucagonoma, 430 
Neuropathic foot ulceration, 783-784, 783f, 849-850, 851, 896, 896, 
897f See also Diabetic foot 
acute care of, 871-874, 873f, 874f 875f 
care of newly healed foot and, 874-875, 875f 
direct mechanical damage and, 865, 865f 
early identification of, 860 
ischemic pressure and, 863-865, 864f 
moderate repetitive stress and, 865-866, 866f, 867f 
risk categorization and, 861-862 
skin blood flow and, 800, 801 
total contact cast in management of, 872-874, 873f 874f 875f 
Neuropathic (Charcot’s) fracture (Charcot foot), 800, 876 
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Neuropathy (diabetic), 747-770, 771-788. See also specific type 
aldose reductase and, 752 
animal models of, 750-762, 7501 
autonomic, 7721, 773, 789-804, 789r 
biochemical mechanisms and, 751 
cardiac/cardiovascular disorders and, 7721, 773, 790-793, 7921, 
837-838 
cholecystopathy/gallbladder atony in, 887-888 
classification of, 772-773, 772¢, 773 
clinical, 772-773, 7721 
autonomic dysfunction and, 790 
diagnosis of, 776, 7761, 777 
COX pathway and, 759-760 
programmed cell death and, 760, 760f 
cranial, 779-78 | 
diabetic nephropathy and, 733 
diagnosis/staging of, 7721, 774-777, 7771 
criteria for clinical trials and, 777, 777r 
outpatient evaluation and, 777-778, 778f, 779f, 780f 
diarrhea and, 884-885 
differential diagnosis of, 777, 7771 
autonomic dysfunction and, 7897, 790 
diffuse, 772-773, 7721 
duration/seventy of diabetes and, 747-749, 773-774 
electrodiagnostic studies in evaluation of, 774-777, 7761 
endoneurial microenvironment changes and, 756-757, 756f, 848 
epidemiology/impac/scope of, 771-772 
esophageal motor dysfunction and, 879 
focal, 7721, 773, 778-781 
foot ulcers and, 783-784, 783f, 849-850, 851, 896, 896f 897/ 
acute care of, 871-874, 873f, 874f, 875f 
care of newly healed foot and, 874-875, 875f 
direct mechanical damage and, 865, 865f 
early identification of, 860 
ischemic pressure and, 863-865, 864f 
moderate repetitive stress and, 865-866, 866f, 867f 
risk categorization and, 861-862 
skin blood flow and, 800, 801 
total contact cast in management of, 872-874, 873f, 874f, 875/ 
fuel/energy metabolism and, 751-752 
gastrointestinal disorders and, 7721, 773, 794-796, 795f, 880-884, 881, 
8826 882r 
genitourinary disorders and, 7721, 773, 796-799, 797f 
glycemic control and. 747-749, 773-774, 9161, 918 
autonomic dysfunction and, 749-750. 9167, 918 
growth factors and, 761-762 
hypoglycemia unawareness and, 801 
hypoxia and, 756-757, 756f, 848 
intercostal (thoracic radiculopathy). 773r, 781 
ischemia and, 756-757, 848 
large bowel motility problems in, 886 
metabolic derangements and, 751, 751r 
mononeuropathy, 773, 7731, 778-779, 781 
Na,K-ATPase activity and, 755-756 
nerve conduction and, 754-755 
velocity slowing and, 748-749, 750, 751r 
nerve osmolytes and, 754-755 
nonenzymatic glycation and, 758 
nutritional management and, 447 
in older patients, 416, 416r 
orthostatic (postural) hypotension and, 791, 793-794, 793f 
oxidative stress and, 757-758. 758-759 
painful, 782 
treatment of, 784-785, 785 
pancreas/pancreas-kidney transplantation affecting, 934-935 
pathogenesis of, 747-770 
autonomic dysfunction and, 790 
pathology of, 747-750 
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polyneuropathy, 747, 772-773, 7721, 781-785, 782f 
polyol pathway and, 754 
pregnancy and, 625 
prevalence of, 771-772 
autonomic dysfunction and, 790 
programmed cell death and, 758-759 
COX pathway and, 760, 760f 
pseudotabetic, 782 
pupillary abnormalities and, 801 
redox potential and, 754 
respiratory dysfunction and, 801-802 
screening tools for, 777-778, 778f, 779f, 780f 
signal transduction and, 754-755 
skin blood flow impairment and, 799-801, 800f 
skin infection and, 602 
somatosensory, 771-788 
sorbitol-osmotic hypothesis of, 752-754, 753f 
sorbitol pathway and, 752 
subclinical, 772, 7721 
autonomic dysfunction and, 790 
diagnosis of, 776, 777, 777 
sudomotor dysfunction and, 773, 801 
treatment of, 784-785, 7851 
approaches to, 778 
truncal (thoracic radiculopathy), 773r, 781 
Neuropeptide Y (NPY) 
in insulin release, 50-51 
in weight/food intake regulation, 156-157 
agouti-related peptide (AgRP) and, 157, 158f 
Neuropeptides, in insulin release, 497, 50 
Neurotransmitters, in insulin release, 49r, 50-51 
molecular studies of, 201 
Neurotrophic growth factors, in diabetic neuropathy, 761-762 
autonomic dysfunction and, 790 
Neutral Protamine Hagedorn (NPH) insulin, 486 
injection timing/clinical implications and, 489-490 
in mixed preparations, 502 
in multiple daily injection (MD1) regimen, 503-504 
pharmacokinetics and pharmacodynamics of, 488, 489f 
in twice-daily administration regimen, 502 
in type 2 diabetes therapy, 519 
Neutral protamine lispro (NPL) insulin, 494-495 
in mixed preparations, 502 
Neutrophils, abnormalities of in diabetes, 603 
atherosclerosis and, 170-171 
New Zealand obese (NZO) mice, 241 
Newborn, hypoglycemia in, 643-644, 959 
Nexins, sorting, in insulin receptor endocytosis, 69 
NfkB, hyperglycemia-induced activation of, 186 
superoxide overproduction affecting, 191 
NGF. See Nerve growth factor 
Niacin. for dyslipidemia, 811 
Nicotinic acid, insulin resistance caused by, 57 
NIDDM (non-insulin-dependent diabetes mellitus). See also Type 2 
diabetes mellitus 
in NDDG classification scheme, 269 
NIMGU. See Non-insulin-mediated glucose uptake 
Nitecapone, diabetic nephropathy affected by, 709 
Nitrates, for coronary heart disease, 827 
Nitrendipine. for hypertension in diabetes, 818, 819f 
Nitric oxide (NO) 
in BB rats, 236 
in diabetic nephropathy, 703, 709-710 
in diabetic neuropathy, 757-758 
autonomic dysfunction and, 790 
in diabetic vascular disease, 175-176, 846-848, 847f 
cerebrovascular disease/stroke and, 848 
superoxide overproduction and, 190, 847 
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Nitric oxide synthetase, endothelial 
in diabetic nephropathy, 703 
vascular dysfunction and, 848 
Nitrogen balance, negative 
in alloxan- and STZ-treated animals, 233-234 
after overnight fast, 6 
NK cells. See Natural killer cells 
NL. See Necrobiosis lipoidica 
NME. See Necrolytic migratory erythema 
NO. See Nitric oxide 
Nociceptive stimulation, stress hyperglycemia and 
surgery-induced, 137 
trauma-induced, 139 
Nocturnal penile tumescence testing, in erectile dysfunction, 798 
NOD (nonobese diabetic) mice, 224-226, 236-237, 2371 
initiation of autoimmune response and, 226-227, 302 
natural history of diabetes in, 302 
prevention of disease development and, 227 
sustaining autoimmune response and, 227 
Nodular glomerulosclerosis, in diabetic nephropathy, 723 
Non-B, non-T lymphocytes, 602 
NON (nonobese nondiabetic) mice, 244 
Nonenzymatic glycation 
atherosclerosis and, 170 
cataract formation and, 659 
in diabetic neuropathy, 758 
autonomic dysfunction and, 790 
limited joint mobility and, 898-899 
Nongenomically encoded (N) nucleotides, receptor diversification and, 220 
Non-insulin-dependent diabetes mellitus (NIDDM). See also Type 2 
diabetes mellitus 
in NDDG classification scheme, 269 
Non-insulin-mediated glucose uptake, in type 2 diabetes, 377-378, 377f, 
3788 
Nonobese diabetic (NOD) mice, 224-226, 236-237, 2371 
initiation of autoimmune response and, 226-227, 302 
natural history of diabetes in, 302 
prevention of disease development and, 227 
sustaining autoimmune response and, 227 
Nonobese nondiabetic (NON) mice, 244 
Nonproliferative diabetic retinopathy, 653, 654f 663. See also Retinopathy 
biochemical mechanisms in, 653-655 
vascular endothelial growth factor (VEGF) in, 657 
Nonsteroidal anti-inflammatory drugs, for painful diabetic neuropathy, 
784-785, 7851 
Norepinephrine 
in diabetic ketoacidosis, 574 
glucose production/utilization affected by, 128, 128f 
exercise/physical activity and, 456 
hypoglycemia affecting, 118 
defective responses and, 120 
in insulin release, 491, 50-51 
stress hyperglycemia and 
hypotension-induced, 131, 132 
hypothermia-induced, 135 
hypoxia-induced, 130-131 
myocardial infarction-induced, 136 
trauma-induced, 139 
in type 2 diabetes, 142 
Normoglycemia, maintenance of, 331-332, 332f. See also Glucoregulation 
beta cell, 45-46 
exercise and, 453. See also Exercise/physical activity 
in fed state, 2-3, 3f 4f 331 
diabetes affecting, 10-11 
fuel utilization and, 2 
GIP in, 87-88, 91f 
GLP-1 in, 90-92, 91f 
glucagon in, 97-115, 331 


Nortriptyline, for painful diabetic neuropathy, 785, 785r 
NovoRapid. See Asp®?*—human insulin 
NPDR. See Nonproliferative diabetic retinopathy 
NPH insulin, 486 
injection timing/clinical implications and, 489-490 
in mixed preparations, 502 
in multiple daily injection (MDI) regimen, 503-504 
pharmacokinetics and pharmacodynamics of, 488, 489f 
in twice-daily administration regimen, 502 
in type 2 diabetes therapy, 519 
NPL (neutral protamine lispro) insulin, 494-495 
in mixed preparations, 502 
NPY. See Neuropeptide Y 
NSY (Nigoya Shibata Yasuda) mice, 245 
Nurses, health education for diabetes self-management provided by, 
989-990 
Nutrition. See also Diet; Food/food intake; Nutritional management 
assessment of in older patient with diabetes, 418-419, 418r 
Nutritional management/medical nutrition therapy/diet therapy, 437-452 
during acute and chronic illnesses, 446 
for adolescents 
with type | diabetes, 445 
with type 2 diabetes, 445-446 
for adults, with type 2 diabetes, 445 
for alimentary hypoglycemia, 971 
autonomic neuropathy and, 447 
barriers to change and, 447-448 
for children 
with type 1 diabetes, 445 
with type 2 diabetes, 445-446 
constipation and, 447 
diabetic nephropathy and, 447, 739-740, 739f 
for dialysis patients, 740 
diarrhea and, 447 
for dyslipidemia, 810 
eating disorders and, 446 
enteral nutrition and, 446-447 
gastroparesis and. 447, 795 
gluten-induced enteropathy (celiac disease) and, 447, 886 
goals of, 437, 438r 
historical perspective and, 437, 438r 
hypertension and, 816, 817 
for infants with type | diabetes, 445 
in intensive diabetes management, 507-508 
during lactation, 446 
for leucine-induced hypoglycemia, 97! 
nutrient requirements/recommendations and, 437-445, See also specific 
nutrient 
for older patient with diabetes, 420-421 
pancreatitis and, 447 
during pregnancy. 446 
gestational diabetes and, 446, 630 
pregestational diabetes and, 627-628 
for reactive hypoglycemia, 971 
sick day guidelines and, 446 
total parenteral nutrition and, 447 
for type | diabetes, 445 
for type 2 diabetes, 445-446, 517 
insulin therapy compared with, 517, 518r 
NZO (New Zealand obese) mice, 241 


ob gene, in obesity, 401 
ob/ob (lep””) mice, 240 
Obese-hyperglycemic Wistar Kyoto fatty rats, 243 
Obesity, 401-413. See also Diabesity 
CPE™ mutation in, 27 
definition of, 401, 402r 
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Obesity (cont.) 
diabetic retinopathy development/severity and, 680 
genetic component in, 401, 402f 
hypertension and, 815 
insulin resistance and, 57-58, 58f 378-380, 379f 380f 391, 404-408, 
406f, 408f 
animal models of, 2311, 238-240, 239r 
in primates, 248 
type 2 diabetes and, 60, 341-342, 391, 404-408, 406f, 408f 
insulin secretion and, 408-409 
leptin resistance and, 159, 391 
management of. See Weight loss 
maternal diabetes and, fuel-mediated teratogenesis and, 645-646, 
646f 
in type 2 diabetes, 288-289, 289f 402-403, 403f 
autonomic nervous system and, 409 
in children and adolescents, 409-410 
hypertension and, 815 
insulin resistance and, 60, 341-342, 391, 404—408, 406f 408f 
management of, 955 
nutritional management and, 438-439 
as risk factor, 288-289, 289f, 403-404. 404f 404r, 405f 
Obstetric surveillance, pregestational diabetes and, 629 
Obstructive sleep apnea, in autonomic neuropathy, 801 
Octreotide. See also Somatostatin 
for acromegaly-induced glucose intolerance, 426 
for diabetic diarrhea, 796, 885 
for malignant insulinoma, 970 
OGTT. See Oral glucose tolerance test 
Oleic acid, in nutritional management, 441, 442r 
OLETF rats, 245 
Oliguria, in hyperglycemic hyperosmolar syndrome, 596¢ 
Omega-3 (n-3) fatty acids, in nutritional management, 441 
On-site education, for diabetes self-management, 988-989 
150kd, in type | diabetes, 311+ 
Onychomycosis, toenail, 900-901 
Open-angle glaucoma, 689 
OPG-9195, for microvascular disease, 191 
Ophthalmologic examinations, 691 
in older patient with diabetes, 419 
recommendations for, 690, 690f 
Ophthalmologic management. 690-691 
Ophthalmoplegia, diabetic, 773, 779-781 
Opsonins, in humoral immunity, 601 
abnormalities of in diabetes, 602-603 
Oral antidiabetic agents, 346, 517-519, 531-564. See also specific type 
adverse effects of, 517-519 
a-glucosidase inhibitors, 543-546 
biguanides, 539-543 
classification of, by sites of action, 531, 532f 
combination therapy and, 520, 554-558, S55f, 5571, 953 
adding insulin to oral therapy, 557 
adding oral agents to insulin therapy, 557-558, 558r 
insulin secretagogue and insulin sensitizer, 554 
two insulin sensitizers, 554-555 
diabetic nephropathy affecting dosage requirements and, 738-739 
efficacy of, 517 
goals of therapy with, 531, 532r 
hepatic dysfunction and, 890 
hypoglycemia caused by, 961, 9617 
insulin secretagogues, 531-539 
insulin sensitizers, 553, 554-555, 954 
insulin therapy combined with, 557-558 
insulin therapy compared with, 517-519, 518r 
limitations of, 952 
monotherapy and, 554 
nateglinide. 539 
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new drug development and, 553 
for older patient with diabetes, 421 
repaglinide, 537-539 
sites of action of, 531, 532f 
stress hyperglycemia affecting therapy with, 144-145 
sulfonylureas, 531-537 
surgery in patient taking, 615-616 
thiazolidinediones, 546-553 
Oral candidiasis, 606 
Oral glucose tolerance test, 53-54, 273-274. See also Glucose tolerance test 
in ADA classification scheme, 270-271, 2701, 272-273, 273-274 
in alimentary hypoglycemia, 968 
isolated postchallenge hyperglycemia and, in older patient, 415 
in NDDG classification scheme, 269-270 
in non-islet cell tumor hypoglycemia, 968 
in pregnancy, 621, 621f 631-632, 6311 
in reactive hypoglycemia, 968 
in WHO classification scheme, 269, 270, 271, 272-273, 273-274 
Oral hypoglycemic agents. See Oral antidiabetic agents 
Oral infections, 606 
Orlistat, sulfonylurea therapy monitoring and, 537 
Orthostatic (postural) hypotension, 816 
in autonomic neuropathy, 791, 793-794, 793f 
in older patient with diabetes, 417, 816 
Oslo studies, 912, 913 
Osmolal gap, in diabetic ketoacidosis, 576 
Osmolar gradient, cerebral edema in diabetic ketoacidosis and, 583 
Osmolarity 
effective. See Effective osmolarity 
in hyperglycemic hyperosmolar syndrome, 587, 588, 589 
normal, 587 
Osmolytes, in diabetic neuropathy, 752, 752-755, 753f 
signal transduction and, 754-755 
Osmotic (compatible osmolyte) hypothesis, of diabetic neuropathy, 752. 
See also Sorbitol-osmotic hypothesis 
Osteomyelitis, diabetic foot and, 850, 896 
probing for, 872 
Otitis externa, malignant, 605, 900 
Outcome (summative) evaluation, in health education for diabetes self- 
management, 987 
Outpatient (day/ambulatory) surgery, 613, 616 
Overinsulinization. See also Insulin therapy 
exercise/physical activity and, 465-466, 466f 467f 
Oxford study, 9127, 914 
Oxidative modification hypothesis, of LDL atherogenicity, 167, 167-169, 
1687 
diabetes and, 170 
Oxidative stress/oxygen radicals 
agents for reduction of, 956 
in diabetic nephropathy, 709-710 
in diabetic neuropathy, 757-758 
autonomic dysfunction and, 790 
programmed cell death and, 758-759 
sorbitol-osmotic hypothesis and, 752-753 
in hyperglycemia-induced microvascular disease, 188-191, 189f 190/ 
847 
future drug targets for management and, 192 
Oximetry. transcutaneous, for lower extremity vascular disease evaluation, 
852, 896 
Oxygen availability, exercise-induced muscle glucose uptake and, 461 
Oxyntomodulin, synthesis/secretion of, 97, 98, 98f 


P (palindromic) nucleotides, receptor diversification and, 220 
p2lras, in insulin mechanism of action, 74-76, 75f 

p53, programmed cell death in diabetic neuropathy and, 759 
p69, cow’s milk proteins in diabetes and, 318 


p85/p119 type PtdIns 3( kinase. See also PI-3 kinase pathway 
in insulin mechanism of action, 70-71, 71-72 
p220, insulin regulation of protein synthesis and, 73-74 
PACAP. See Pituitary adenylate cyclase-activating peptide 
PAF. See Platelet-activating factor 
PAI-1. See Plasminogen activator inhibitor 1 
Pain, stress hyperglycemia and 
surgery-induced, 137 
trauma-induced, 139 
Pain sensation, decreased, diabetic foot and, 860-861 
Painful diabetic neuropathy, 782 
treatment of, 784-785, 7851 
Palindromic (P) nucleotides, receptor diversification and, 220 
Palmitoleic acid, in nutritional management, 442r 
Pancreas. See also Islets of Langerhans 
artificial, 951 
exocrine, diabetes associated with disorders of, 261, 267, 890-891 
lesions of in diabetes, 257-263. See also specific type 
functioning tumors, 429 
in primates, 248 
in type 1 diabetes, 257-258, 258f 
in type 2 diabetes, 258-261, 259f 260f 261f, 337-338 
peptide secreting cells of, 43. See also specific type 
transplantation of, 927-939. See also Pancreas/pancreas-kidney 
transplantation 
alone (PTA), 928 
after kidney transplant (PAK), 928 
Pancreas duodenum homeobox-containing transcription factor-1 (PDX-1) 
insulin gene expression and, 30-31, 30f, 31-32, 45 
diabetes pathogenesis and, 32-33 
mutations in, in maturity-onset diabetes of the young (MODY), 33 
Pancreas/pancreas-kidney transplantation, 740-741, 922, 927-939. See 
also Islet cell transplantation 
cadaver donors for, 928, 930 
outcome and, 930-931, 930%; 931f 932 
financial issues and, 936 
future of, 936-937 
history of, 928-930, 929f 930f 
living donors for, 930, 930f 
outcome and, 931-933, 933f 
metabolism affected by, 934-935, 934f 935f 
organ allocation and, 936 
rationale for, 927-928 
recipient selection for, 935-936 
rejection prevention and, 930, 933-934 
secondary complications of diabetes affected by, 934-935, 934f 935f 
surgical technique for, 933 
versus islet cell transplantation, 927, 941 
Pancreatectomy, beta cell loss/dysfunction and, 58-59, 58f 
Pancreatic cancer, 891 
hyperglycemia in, 267 
Pancreatic cholera syndrome, glucose intolerance in, 432 
Pancreatic/kidney transplantation, 740-741, 922 
Pancreatic polypeptide (PP) 
F cell secretion of, 43 
response of to hypoglycemia, 133, 134, 134f 
Pancreatitis 
diabetes and, 261, 267, 890-891 
acute, 890 
chronic, 890-891 
nutritional management and, 447 
hyperglycemic hyperosmolar syndrome and, 598 
hypertriglyceridemia and, 890 
management and, 810 
Panretinal photocoagulation, for retinopathy, 682-684, 683f 684f 685/, 
686f 
Papillary necrosis, 606-607. 725 
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Paraganglioma, diabetes in patients with, 268 
Parasympathetic nervous system 
cardiovascular autonomic neuropathy and, 790 
islets of Langerhans innervated by, 44-45 
hypoglycemia recovery and, 132-133 
obesity/type 2 diabetes and, 409 
Parasympathetic neurotransmitters, in insulin release, 491, 50 
Parathyroid hormone, insulin secretion/action affected by, 429r 
Paraventricular nuclei (PVN), in weight/food intake regulation, 157, 
157-158 
Parents/family, of child/adolescent with type 1 diabetes, 
behavioral/developmental issues and, 565-572 
adolescents, 566r, 568-569 
infants and young children, 565-566, 5661 
interventions/therapy implications and, 569-570 
psychosocial interventions and, 569-570 
school-age children, 566-568, 566r 
team management and, 569 
transition to young adulthood and, 569 
Parietal cell antibodies, in diabetic atrophic gastritis, 884 
Paris study, 9122, 914 
Paroxetine, for painful diabetic neuropathy, 785, 785r 
Patient education. See also Education 
in intensive diabetes management programs, 506r, 509-510, 5107 
for older patient with diabetes, 420 
Patient empowerment, health education for diabetes self-management and, 
984 
Pbx, insulin gene expression and, 31 
PC1, metformin affecting, 540 
PC1/PC3 
in preproglucagon processing, 97 
in proinsulin processing, 25-26, 27f 
structure of, 25, 27f 
PC2 
in preproglucagon processing, 97 
in proinsulin processing, 25-26, 27f 
structure of, 25, 27f 
PCD. See Programmed cell death 
PCOS. See Polycystic ovary syndrome 
PDEs. See Phosphodiesterases 
PDGR. See Platelet-derived growth factor 
PDK, in insulin mechanism of action, 72 
PDX! (IPF-1) 
insulin gene expression and, 30-31, 30f 31-32, 45 
diabetes pathogenesis and, 32-33 
in liver, gene therapy studies and, 213 
mutations in, in maturity-onset diabetes of the young (MODY-4), 33, 
267, 353-354 
PEDF. See Pigment epithelium-derived factor 
Penile prosthesis, for erectile dysfunction, 798 
Penile vasculature, evaluation of in erectile dysfunction, 798 
Pentamidine 
diabetes caused by, 318, 962 
hypoglycemia/hyperinsulinemia caused by, 962 
PEPCK deficiency. See Phosphoenolpyruvate carboxykinase deficiency 
Percutaneous coronary reperfusion, for acute MI, 832 
Percutaneous transluminal coronary angioplasty (PTCA), 828-829, 8291, 
830r, 8317 
for acute MI, 832 
for multivessel disease, 831, 8317 
Perforating folliculitis, 903 
Pericyte loss, 653, 654f 
Periodontal disease, 606 
Perioperative management of diabetic patients, 613 
Peripheral insulin resistance, in type 2 diabetes, 340-341, 340f 
Peripheral nerves, biochemical pathobiology and pathophysiology of, 
751 
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Peripheral neuropathy (diabetic). See also Neuropathy 
diabetic nephropathy and, 733 
pathology of, 747 
Peripheral vascular disease. See Vascular disease 
Peritoneal dialysis, 740 
insulin requirements affected by, 739 
Perlecan, in islet amyloid, 261 
Peroxisome proliferator activated receptor a, liver response during fasting 
and, 7 
Peroxisome proliferator activated receptor y 
in insulin resistance, 339, 390-391 
in thiazolidinedione mechanism of action, 547, 954 
cancer cells and, 551 
Peroxisome proliferator activated receptor y agonists. See 
Thiazolidinediones 
Persistent hyperinsulinemic hypoglycemia of infancy 
(PHHI/nesidioblastosis), 962 
management of, 970 
PGsp, 53t, 55-56, 55f 
PGC-1, liver response during fasting and, 7 
PGE,, in diabetic ketoacidosis, 575 
PGH,, endothelial dysfunction and, 847 
PGI,, in diabetic ketoacidosis, 575 
pH 
in diabetic ketoacidosis, 575, 576 
therapy and, 581 
in hyperglycemic hyperosmolar syndrome, 587, 588r 
PH domains. See Pleckstrin homology (PH) domains 
Phagocytes, in host defenses, 601-602 
abnormalities of in diabetes, 603, 603r 
PHAS-1/elF-4E-BP 
insulin gene expression and, 45 
insulin regulation of protein synthesis and, 74 
Phenacetin, papillary necrosis associated with, 725 
Phenformin, withdrawal of from market, 539 
Phenytoin, for painful diabetic neuropathy, 785 
Pheochromocytoma, diabetes associated with, 268, 428, 4281, 4291 
Phosphodiesterases, in insulin release, 47-48 
Phosphoenolpyruvate carboxykinase 
in alloxan-treated animals, 233 
glycolysis and gluconeogenesis affected by, 104 
in STZ-treated animals, 233 
Phosphoenolpyruvate carboxykinase deficiency, hypoglycemia caused by, 
963 
6-Phosphofructose-1 kinase, glycolysis affected by, 103 
Phosphoinositide messenger system, in insulin release, 47 
Phospholipase A>, in insulin release, 48 
Phospholipase C, in insulin release, 47 
Phosphorus/phosphate 
in diabetic ketoacidosis, 576, 5761, 577, 5771 
in hyperglycemic hyperosmolar syndrome, 5921, 593 
metabolism of, diabetes associated with disorders of, 429 
Photocoagulation therapy, for retinopathy, 682-684, 683f, 684f 685f 686f 
during pregnancy, 625 
Physical activity/fitness. See Exercise/physical activity 
Physicochemical transfection, for gene transfer studies, 197 
Phytochemicals, in nutritional management, 444 
PI-3 kinase pathway, 70-71, 70f, 71-72 
in glucose transport, 73 
insulin resistance/type 2 diabetes and, 385, 390, 391 
PI:IRI, 56 
Pigment epithelium-derived factor (PEDF), retinal neovascularization 
inhibited by, 658 
Pinch calluses, in diabetic foot, 862 
Pioglitazone, 519, 546, 954 
adipose tissue affected by, 550, 550f 
atherogenesis affected by, 550 
clinical use and efficacy of, 548, 548f 
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in combination therapy, 548, 548/ 
with insulin, 558 
with metformin, 555, 557r 
with sulfonylurea, 557¢ 
contraindications/precautions in use of, 553 
diabetic nephropathy and, 738 
dosage recommendations for, 551 
drug interactions and, 552-553 
insulin sensitivity affected by, 549, 549f 
lipids affected by, 549 
mechanism of action of, 547 
PAI-1 levels affected by, 550 
pharmacokinetics of, 547-548 
side effects of, 551-552 
structure of, 547f 
Pituitary adenylate cyclase—activating peptide (PACAP) 
in glucagon release, 99 
in insulin release, 47, 49r, 50, 94 
PKA. See Protein kinase A 
PKCaCM. See Calcium-calmodulin dependent protein kinase 
PLA. See Phospholipase A, 
Placenta. See also Conceptus 
hormones secreted by, insulin resistance and, 620-621 
Placental lactogen, insulin resistance and, 369, 620 
Planning, in health education process, 985-986, 985f 986f 
Plantar ulcers, newly healed, management of, 875 
Plasma, for glucose concentration determinations, 273 
Plasma cell differentiation antigen. See also specific type under PC 
metformin affecting, 540 
Plasma proteins, vessel wall 
accumulation of in microvascular disease, 182 
AGE alteration of, 186 
Plasmin, PAI-1 elevation affecting, thrombosis and, 177 
Plasminogen activator inhibitor 1 (PAI-1) 
elevated levels of, clinical consequences of, 177 
metformin affecting levels of, 541 
physiology of, 176-177 
therapeutic implications and, 177-178 
thiazolidinediones affecting levels of, 550 
Plasminogen activators, in thrombosis, 176 
Platelet-activating factor (PAF), in burn-induced stress hyperglycemia, 
138-139 
Platelet-derived growth factor (PDGF), in atherosclerotic fatty streak 
formation, 166 
Platelet dysfunction, in coronary artery disease, 824 
PLC. See Phospholipase C 
Pleckstrin homology (PH) domains, of IRS-1, 70 
Plexopathy (diabetic), 773, 778 
PLM. See Proinsulin-like material 
Pneumonia, 607 
PO,. See Phosphorus/phosphate 
POEMS syndrome, glucose intolerance in, 432 
Polycystic ovary syndrome (PCOS), metformin affecting, 541, 542 
Polycythemia, in infants of diabetic mothers, 644 
Polycythemia/hyperviscosity syndrome, in infants of diabetic mothers, 644 
Polymorphism, MHC, T cell antigen recognition and, 222, 223f 
Polymorphonuclear cells, abnormalities of in diabetes, 603 
Polyneuropathy (distal symmetric), 747, 772-773, 7721, 7731, 781-785, 
782f. See also Neuropathy 
complications of, 783-784 
signs and symptoms of, 782-783 
treatment of, 784-785, 785r 
Polyol pathway/sorbitol-polyo! pathway 
diabetic cataract formation and, 658-659, 689 
in diabetic nephropathy, 711, 711 
in diabetic neuropathy, 752, 754 
autonomic dysfunction and, 790 
in diabetic retinopathy, 655, 670 


increased flux in 
biochemical consequences of, 185 
microvascular disease and, 183-185, 185f 
superoxide overproduction and, 189-190, 190f 
Polyols. See also Polyol pathway 
in nutritional management, 440, 440r 
Polypharmacy, assessment of in older patient with diabetes, 419 
Polyradiculopathy (diabetic), 7732, 781 
Polyunsaturated fatty acids, in nutritional management, 441 
POMC. See Proopiomelanocortin 
Pompe’s disease, 963 
Pooled risk health insurance plans, 976 
Porcine insulin, 487 
Porcine islets, for transplantation, 944, 951 
Portal glucose sensors, 119 
Portal signal, in glucoregulation, 122-124, 122f 123f 
afferent limb of, 123-124 
efferent limb of, 124 
Positive selection, T lymphocyte, 223 
Postabsorptive state, fuel metabolism in, 5-7, 6f 
Postbinding defect, in insulin action, 372 
Posterior pillar fracture, 876 
Posthyperalimentation hypoglycemia, 964 
Postpartum care, 633-634 
gestational diabetes and, 633-634 
pregestational diabetes and, 629-630 
Postprandial hyperglycemia, 10-11 
control of, 951, 953 
insulin-mediated versus non-insulin-mediated glucose uptake and, 
377-378, 377f, 3781 
Postprandial syndrome, adrenergic hormone, 964 
Postreceptor defect, in insulin action, 372 
insulin resistance/type 2 diabetes and, 385, 391-392 
Postural (orthostatic) hypotension, 816 
in autonomic neuropathy, 791, 793-794, 793f 
in older patient with diabetes, 417, 816 
Potassium. See also Hyperkalemia; Hypokalemia 
administration of during surgery 
in GIK regimen, 614-615, 6157 
postoperative management and, 616 
in IP/GK regimen, 614 
in diabetic ketoacidosis, 576-577, 5761, 577t 
in hyperglycemic hyperosmolar syndrome, 592r, 593, 594 
Potassium channels, beta cell 
in insulin release, 31, 46 
molecular studies of, 201 
nateglinide affecting, 539 
repaglinide affecting, 537 
sulfonylureas affecting, 532, 533f 
cardiovascular disease and, 534-535 
Potential abnormality of glucose tolerance, in NDDG classification 
scheme, 269 
Potential diabetic, in WHO classification scheme, 269 
Potentiation 
glucose, 51-52, 52f, 334 
glycemic, slope of, 53r, 55, 55f, 334 
PP. See Pancreatic polypeptide 
PP1. See Protein phosphatase- | 
pp62P%, in insulin mechanism of action, 691 
PPARa. See Peroxisome proliferator activated receptor a 
PPAR. See Peroxisome proliferator activated receptor y 
Prader-Willi syndrome, parasympathetic drive to pancreas in, 409 
Pramlintide, for type 2 diabetes mellitus, 956 
Prandial (meal-related) insulin, 488, 488f 951 
Pravastatin 
for coronary heart disease, 827 
for dyslipidemia, 809, 810r, 811 
type 2 diabetes prevention and, 292-293 
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Prayer sign, in limited joint mobility, 898 
Prebreakfast hyperglycemia, in twice-daily administration regimen, 
502-503 
Preconception counseling 
gestational diabetes and, 634 
pregestational diabetes and, 626-627, 634 
Precose. See Acarbose 
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Pregestational diabetes mellitus, 619, 626-630, 6261. See also Gestational 


diabetes mellitus; Pregnancy 
neonatal macrosomia and, 623-624, 642 
Pregnancy 
carbohydrate metabolism in, 619 
diabetes and, 619-639, See also Gestational diabetes mellitus; 
Pregestational diabetes mellitus 
acarbose/miglito! contraindicated in, 546 
classification of, 625-626, 626r 
congenital malformations and, 622-623, 623f, 642 
delivery and, pregestational diabetes and, 629-630 
diet recommendations for, pregestational diabetes and, 627-628 
effects of diabetes on pregnancy and, 622-624, 622f, 623f 
effects of pregnancy on diabetes and, 624-625 
fetal growth disturbances and, 623-624, 642 
fetal loss and, 622-623, 630, 641-642 
glycemic control and, 624 
congenital malformations and, 622-623, 623f 642 
pregestational diabetes and, 628-629 
incidence of, 625, 630 
insulin therapy and, 624 
gestational diabetes and, 632-633 
pregestational diabetes and, 628 
macrovascular disease and, 625 
management of, 626-633 
gestational diabetes and, 630-633, 631r 
pregestational diabetes and, 626-630 
metformin therapy and, 543 
microvascular disease and, 624-625 
mother and, 619-639 
nephropathy and, 625 
neuropathy and, 625 
obstetric surveillance and, pregestational diabetes and, 629 
offspring and, 641-651. See also Infants of diabetic mothers 
pathophysiology of, 622-625 
postpartum follow-up and 
gestational diabetes and, 633-634 
pregestational diabetes and, 629-630 
preconception counseling and 
gestational diabetes and, 634 
pregestational diabetes and, 626-627, 634 
repaglinide contraindicated in, 538 
retinopathy and, 624-625, 680-681 
sulfonylureas contraindicated in, 536 
thiazolidinediones contraindicated in, 553 
metabolic adaptations in, 619-622, 620f 621f 
Prehormone convertases 
in preproglucagon processing, 97 
in proinsulin processing, 25-27, 27f 


Premature chain termination mutations, in insulin receptor, 355-356, 


357f 

Preoperative management of diabetic patients, 612-613, 613r 
Prepaid capitated payment plans, 974 
PreproGIP, 86 
Preproglucagon 

gene for, 97 

processing of, 97-98, 98f 

tissue expression of. 97-98, 98f 
PreproIAPP, 34, 34f 
Preproinsulin, 24, 25f 26f, 45 
Preproliferative retinopathy, 665, 665f See also Retinopathy 
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Preschool children. See also Children 
type 1 diabetes in, developmental and family issues and, 566, 566r 
Pressure footprints, diabetic foot care and, 869-870, 869f 870f 871f 
Pressure ulcers, in diabetic foot, 863-865, 863f 864/ 865f 
Prevalence data 
for type 1 diabetes, 279f 281-283, 281f, 282f 
for type 2 diabetes, 286-287, 286f 
Prevention strategies 
for beta-cell autoimmunity, 280 
for type | diabetes 
immunologic approaches to, 227-228, 950 
in patients with beta-cell autoimmunity, 280 
primary, 280, 285r 
secondary, 284, 285 
tertiary, 285 
for type 2 diabetes, 292-293, 292f, 952-953 
exercise/physical activity and, 292, 292f 468-475, 471f 4711, 473f 
474f 
a-glucosidase inhibitors and, 545 
metformin and, 542 
sulfonylureas and, 535 
thiazolidinediones and, 551 
Previous abnormality of glucose tolerance, in NDDG classification 
scheme, 269 
Primates, pancreatic lesions in, 248 
Priming effect, of glucose, 52 
Private “indemnity” health insurance, 975-976 
Process (formative) evaluation, in health education for diabetes self- 
management, 987 
ProG. See Proglucagon 
Progesterone, placental, insulin resistance and, 620 
Proglucagon (ProG), tissue-specific processing of, 89-90, 97-98, 98r 
Prograf. See Tacrolimus 
Programmed cell death (PCD/apoptosis) 
COX pathway and, 760, 760f 
in diabetic neuropathy, oxidative stress and, 758-759 
in type 1 diabetes 
induction of autoimmunity and, 226, 302, 317 
inhibition of, 951 
Proinsulin, 24-25, 26f, 27f, 45 
clinical relevance of, 28-29 
genetically-engineered cell lines for overexpression of, 210-21 1 
in insulinoma, 967 
mutation in, 33 
nutritional/hormonal factors affecting synthesis of, 32 
PAI-1 affected by, thrombosis and, 177 
in type 2 diabetes, 338 
Proinsulin convertases, 25-27, 27f 
Proinsulin:insulin ratio, 56 
Proinsulin-like material (PLM), 28-29 
Prolactin 
excess of, in diabetes pathogenesis, 427 
insulin secretion/action affected by, 429r 
Proliferative diabetic retinopathy, 653, 665-667, 665f 666-667f See also 
Retinopathy 
Proopiomelanocortin (POMC), in weighv/food intake regulation, 157 
agouti-related peptide (AgRP) and, 157, 158f 
Propantheline, for alimentary and reactive hypoglycemia, 971 
Properdin factor B (Bf), in type 1 diabetes, 310 
Propranolol 
hypoglycemia in dialysis patients and, 739 
for malignant insulinoma, 970 
Prorenin, in diabetic nephropathy, 707-708 
Prostacyclin, for erectile dysfunction, 798 
Prostaglandins 
in diabetic ketoacidosis, 575 
endothelial dysfunction and, 847 
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Protein 
dietary, 440 
diabetic nephropathy and, 447, 739-740, 739f 
dialysis and, 740 
weight loss and, 439 
as energy form, | 
energy storage and, 1-2, 2¢ 
metabolism of 
in alloxan-treated animals, 233-234 
in fasted state 
early adaptation to starvation and, 7 
after overnight fast (postabsorptive state), 6-7 
in fed state, 4 
diabetes affecting, 10-11 
in STZ-treated animals, 233-234 
synthesis of, insulin in regulation of, 73-74 
utilization of, 2 
Protein C, thrombosis and, 176 
Protein kinase, calcium-calmodulin dependent, in insulin release, 
molecular studies of, 201 
Protein kinase-1, MAP-activated (MAPKAPK-1), in glycogen synthase 
regulation, 74 
Protein kinase II, in insulin release, 47 
Protein kinase A (PKA) 
in GIP action, 87 
in GLP-1 action, 90 
in glucagon action, 101, 101f 
in insulin release, 47 
Protein kinase C (PKC) 
in diabetic nephropathy, 707, 727-728, 727f 
in diabetic neuropathy, 754-755 
in diabetic retinopathy, 655-656, 655f 
hyperglycemia-induced activation of, 187, 187f 
superoxide overproduction affecting, 190, 190f 
inhibition of, 956 
in insulin release, 31, 47 
molecular studies of, 201 
in microvascular disease, 187, 187f 
management with PKC inhibitors and, 192 
superoxide overproduction and, 190, 190f 
Protein kinase C (PKC) inhibitors, for microvascular disease, 192 
diabetic retinopathy and, 656 
Protein kinase mTOR, in insulin regulation of protein synthesis, 74 
Protein phosphatase-1 (PP1), in glycogen synthase regulation, 74 
Proteinuria 
diabetic nephropathy and, 730 
diabetic retinopathy and, 679-680, 733 
Proteoglycans, in islet amyloid, 261 
Proteolysis, in early response to starvation, 7 
Proteus bacteremia, 608 
Psammomys obesus (sand rat), diabesity in, 245-246, 245f 
Pseudoatrophic islets, in type | diabetes, 257 
“Pseudohyponatremia,” 591 
Pseudohypoxia, 602 
Pseudomonas aeruginosa, 605 
Pseudotabetic diabetic neuropathy, 782 
Pseudo-Verner-Morrison syndrome, 432 
Psychomotor learning, in health education for diabetes self-management, 
983 
Psychosocial interventions, management of children/adolescents with type 
1 diabetes and, 569-570 
Psychosocial status, assessment of in older patient with diabetes, 418 
PTB domain, of IRS-1, 70 
PTCA. See Percutaneous transluminal coronary angioplasty 
PtdIns 3( kinase. See also PI-3 kinase pathway 
in insulin mechanism of action, 70-71, 70f, 71-72 
PtdIns(3,4,5)P2, in insulin mechanism of action, 70f, 71-72 


PtdIns(3,4,5)P3, in insulin mechanism of action, 70f 71-72 
Puberty, diabetic retinopathy and, 674 
Public entitlement programs, health insurance available from, 975 
Pulmonary edema, in diabetic ketoacidosis, 583 
Pulse volume recordings, for lower extremity vascular disease evaluation, 
851-852, 852f 
Pupils, abnormalities of, in autonomic neuropathy, 801 
Purging, in eating disorders, management of diabetic with, 446 
PVN. See Paraventricular nuclei 
Pyelography, intravenous, 737 
Pyelonephritis, 725 
emphysematous, 607 
Pylorospasm, in gastroparesis diabeticorum, 880 
Pyruvate, as insulin secretagogue, 204—206 
Pyruvate carboxylase, gluconeogenesis affected by, 103 
Pyruvate dehydrogenase (PDH), gluconeogenesis affected by, 103-104 
Pyruvate kinase, glycolysis and gluconeogenesis affected by, 104 


QT interval prolongation, in cardiovascular autonomic neuropathy, 791 
Quality of care issues, for diabetic patient, 974—975 

Quantitative sensory tests, in diabetic neuropathy diagnosis, 774 
Quinine, hypoglycemia/hyperinsulinemia caused by, 962 


Ral, in insulin receptor endocytosis, 69 
Rabson-Mendenhall syndrome, 267, 347, 355 
Race 
as diabetic retinopathy risk factor, 672-673 
type | diabetes prevalence and incidence and, 281, 281f 
type 2 diabetes prevalence and incidence and, 286-287, 286f 
Radiculopathy (diabetic), 773r, 778, 781 
Raf-1, p2lras binding and, 75-76 
RAGE receptors, 187 
Ramipril 
for hypertension in diabetes, 819 
type 2 diabetes prevention and, 293 
RAMPS. See Receptor activity-modifying proteins 
“Random” glucose determination, 273 
Rapamune. See Sirolimus 
Rapid-acting insulin, 501-502, 502f 950 
in mixed preparations, 502 
in multiple daily injection (MDI) regimen, 503-504 
in twice-daily administration regimen, 502 
in type 2 diabetes therapy, 519 
Ras-protein kinase signaling pathway, in insulin mechanism of action, 
74-16, 75f 
Rat insulin promoter (RIP-Tag) mice, 238 
RDS. See Respiratory distress syndrome 
Reactive hypoglycemia 
acarbose and, 545 
alcohol-promoted, 964 
management of, 971 
spontaneous, 963-964, 966, 968 
Reactive oxygen species (ROS)/oxidative stress 
agents for reduction of, 956 
in diabetic nephropathy, 709-710 
in diabetic neuropathy, 757-758 
programmed cell death and, 758-759 
sorbitol-osmotic hypothesis and, 752-753 
in hyperglycemia-induced microvascular disease, 188-191, 189f 190f 
847 
future drug targets for management and, 192 
Reactive perforating collagenosis, 903 
Receptor activity-modifying proteins (RAMPS), regulation of islet 
amyloid polypeptide (IAPP) and, 35 
Receptor diversity, 219-221, 221f 
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Redox hypothesis, of diabetic neuropathy, 752, 754 
“Refeeding syndrome.” 594 
Referrals, for diabetes self-management education, 989 
Refractive changes, visual impairment in diabetes and, 688-689 
Regular insulin 
injection timing/clinical implications and, 489, 491f, 501, 502f 
in mixed preparations, 502 
in multiple daily injection (MDI) regimen, 503-504 
pharmacokinetics and pharmacodynamics of, 488, 488f 
in twice-daily administration regimen, 502 
in type 2 diabetes therapy, 519 
Rehabilitation, visual, 691 
Rejection (transplant), prevention of 
in islet cell transplant, 942, 944-945 
in pancreas transplant, 930, 933-934 
Renal arteriosclerosis, in diabetic nephropathy, 724, 724f 
Renal failure 
acquired perforating dermatosis and, 903-904, 903f 
coronary artery bypass grafting and, 828 
diabetic retinopathy and, 679, 733 
dialysis for, 740 
hyperglycemic hyperosmolar syndrome and, 591-592 
hypoglycemia in, 739 
incidence of in diabetes, 723, 728, 728f 
Renal insufficiency/disease. See also Nephropathy 
acarbose/miglitol use in patients with, 545, 739 
clinical course leading to, 729 
metformin use contraindicated in patients with, 542, 543, 738 
nutritional management and, 447, 739-740, 739f 
in older diabetics, 415 
pathophysiology of, 697-721 
pregnancy and, 625 
preoperative assessment of patient status and, 613 
repaglinide use in patients with, 538, 739 
sulfonylurea use in patients with, 536, 738-739 
thiazolidinedione use in patients with, 551, 738 
Renal papillary necrosis, 606-607, 725 
Renal plasma flow, in diabetic nephropathy, 729 
Renal-retinal syndrome (diabetic retinopathy/nephropathy), 679-680, 732, 
733 
Renal transplantation, 740-741, 921-922 
pancreas transplantation and, 740-741, 922, 927-939. See also 
Pancreas/pancreas-kidney transplantation 
Renin, in diabetic nephropathy, 707-708, 731-732, 731f 
Renin-angiotensin system, in diabetic nephropathy, 703, 731-732, 731f 
Repaglinide, 537-539, 955 
clinical use/efficacy of, 537-538, 538f 
in combination therapy, 538 
with metformin, 554 
contraindications/cautions in use of, 538 
diabetic nephropathy and, 538, 739 
dosing recommendations for, 538 
drug interactions and, 539 
mechanism of action of, 537 
pharmacokinetics of, 537 
side effects of, 538-539 
structure of, 537, 537f 
Repetitive stress, diabetic foot ulcers caused by, 865-866, 866f; 867f 
Resistin, insulin resistance and, 370 
Resource assessment, health education for diabetes self-management and, 
988 
Respiratory distress, in hyperglycemic hyperosmolar syndrome, 596r 
Respiratory distress syndrome, in infants of diabetic mothers, 644 
Respiratory dysfunction, in autonomic neuropathy, 801-802 
Restenosis, after percutaneous transluminal coronary angioplasty, 829 
RET protooncogene, mutations in, in MEN IIA and IIB syndromes, 432 
Retina, anatomy of, 663 
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Retinal blood flow, changes in, 653, 670 
Retinal detachment, 653, 654f 
Retinal hard exudates, in diabetic retinopathy, 664, 664f 
Retinal hemorrhages, in diabetic retinopathy, 664, 664f 665, 665f 
Retinal hypoxia, in diabetic retinopathy, 670 
Retinal ischemia, in diabetic retinopathy, 653, 664-665 
Retinal microaneurysms, 663-664, 664f 
Retinal neovascularization, 653, 654f, 665-667, 665/, 666-667f See also 
Retinopathy 
growth factors and, 656-658, 656/ 
inhibitors of, 658 
Retinopathy (diabetic), 653-661, 663-686. See also Visual impairment 
age and, 416, 4161, 674 
age at diagnosis and, 6711, 675 
alcohol consumption and, 680 
assessment of in older patient, 419 
biochemical mechanisms in, 653-655 
blindness and, 688, 688f 
blood pressure and, 6761, 678-679, 678f 679f 
body mass and, 680 
C-peptide status and, 677 
cataract surgery affecting, 689 
classification of, 669, 669r 
clinicopathologic changes in, 653, 654f 
comorbidity and, 681, 681r 
duration of diabetes and, 6711, 674-675, 674f 675f 
epidemiology of, 670 
ethnicity and, 672-673 
exercise/physical activity and, 680 
exogenous insulin and, 677 
gender and, 674 
genetic factors in, 673-674 
genetic predisposition to, 183, 184f 
glycemic control and, 675-677, 676f, 6761, 677f 6771, 678f, 915-916, 
9161, 917f 
growth factors in, 656-658, 656f 
inhibition of, 956 
incidence of, 670-671, 671r, 672, 6721, 673f 6731 
limited joint mobility and, 898 
macular disease and, 653, 667-669, 668/. See also Macular edema 
management of 
medical, 681-682 
surgical, 682-686 
mortality rates and, 681, 682f 
natural history of, 663-667, 664f 665f 666-667f 
neovascular glaucoma and, 658, 658f 
neovascularization inhibitors and, 658 
nephropathy and, 679-680, 732, 733 
obesity and, 680 
in older patients, 416, 416r 
pathobiology/pathogenesis of, 653-661, 669-670 
photocoagulation for, 682-684, 683f 684f 685f 686f 
during pregnancy, 625 
pregnancy and, 624-625, 680-681 
preoperative assessment of patient status and, 613 
prevalence of, 670-671, 6711, 6721 
progression of, 672, 672r, 673 
protein kinase C in, 655-656, 655f 
inhibition of, 656 
proteinuria and, 679-680, 733 
puberty and, 674 
race and, 672-673 
retinal anatomy and, 663 
risk factors for, 672-674, 673f 
serum lipid levels and, 6767, 680 
smoking and, 676r, 680 
socioeconomic status and, 680 
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time-related variables and, 674—675 
vitrectomy for, 684-686 
Wisconsin study of, 909-911, 910f See also Wisconsin Epidemiologic 
Study of Diabetic Retinopathy 
Retrograde ejaculation, 799 
Revascularization. See also specific procedure 
for acute coronary syndromes, 833 
for acute MI, 832 
for coronary heart disease, 828-831, 8292, 8302, 831r 
for lower extremity vascular disease, 853-854, 853f, 854f, 896 
evaluation and, 851-852, 851f, 852f 
for neuropathy, 848 
Reverse cholesterol transport system, in dyslipidemia, 808 
Reverse iontophoresis, in glucose concentration determination, 274 
Rezulin. See Troglitazone 
Rhabdomyolysis, in hyperglycemic hyperosmolar syndrome, 598 
Rhinocerebral mucormycosis, 901 
Rhizopus, infections in diabetes caused by, 605, 901 
RIN polar antigen, in type 1 diabetes, 3117 
RIP-Rag (rat insulin promoter) mice, 238 
RIPE3b1, insulin gene expression and, 30, 31 
diabetes pathogenesis and, 33 
Risk adjustment, in health insurance, 974 
Risk factors 
for beta-cell autoimmunity, 279-280 
for cardiovascular disease, prevention and, 824-825, 825r 
for diabetic foot, 861-862 
for diabetic retinopathy, 672-674, 673f 
for gestational diabetes, 289 
for iatrogenic hypoglycemia, 526-529, 5271, 528r 
for impaired vision in diabetes, 688, 688f 
for type | diabetes, 283-284 
breastfeeding and, 283, 318, 319 
for type 2 diabetes, 287-291 
birth weight, 289-290 
breastfeeding and, 290 
control of, 953-954 
maternal diabetes and, 290, 290f, 646-648, 647f 
obesity, 288-289, 289, 403-404, 404f 404r, 405f 
RK/p38 (SAPK2), in PDX! insulin gene regulation, 32 
RNA, messenger (mRNA). See Messenger RNA 
RNA virus vectors, for gene transfer studies, 198 
Rocker-soled shoes, diabetic foot care and, 868-869, 869f 
Rodents, animal models of diabetes in, 231-255, 2311, 249f 
ROS. See Reactive oxygen species 
Rosiglitazone, 519, 546, 954 
beta-cell function affected by, 550, 551f 
cancer cells affected by, 551 
clinical use and efficacy of, 548, 548f 
in combination therapy, 548, 548f 
with insulin, 558 
with metformin, 555, 557r 
with sulfonylurea, 557r 
contraindications/precautions in use of, 553 
diabetic nephropathy and, 738 
dosage recommendations for, 551 
drug interactions and, 552-553 
hypertension affected by, 550 
lipids affected by, 549 
mechanism of action of, 547 
pharmacokinetics of, 547-548 
side effects of, 551-552 
structure of, 547f 
Rotavirus infection, in type | diabetes, 321 
Rough endoplasmic reticulum, insulin synthesis and, 24—25, 26f, 45 
RPC. See Reactive perforating collagenosis 
RT6* cells, absence of in BB rats, 236 


Rubella, congenital 

beta-cell autoimmunity and, 279, 321 

type 1 diabetes and, 283 
Rubeotic glaucoma, vitrectomy causing, 685-686, 689 
RXR antagonists, for type 2 diabetes mellitus, 954 


S-28. See Somatostatin-28 
Saccharin 
contraindications to during pregnancy, 440 
in nutritional management, 440, 440r 
Safety issues, employment and, 977-978 
Salicylates, hypoglycemia caused by, 961 
Salmonella enteritidis, food poisoning caused by, 606 
Sand rats (Psammomys obesus), diabesity in, 245-246, 245f 
SAPK2, in PDX! insulin gene regulation, 32 
Sarcolemma glucose transport, exercise/physical activity and, 459-460 
Satiety, GLP-1 in sensation of, 92 
Saturated fatty acids, in nutritional management, 441 
Scatter panretinal photocoagulation, for retinopathy, 682-684, 683f 684f, 
685f, 686f 
Scavenger receptor, class B, type I, in dyslipidemia, 808-809, 808f 
School-age children, type | diabetes in, developmental and family issues 
and, 566-568, 566r 
Schwann cells, disorders of in diabetic neuropathy, 747 
Scleredema, 899-900, 899f 
adultorum, 900 
diabeticorum, 899-900, 899f 
Scleroderma-like syndrome (SLS), 898-899, 899f 
SDIS. See Stockholm Diabetes Intervention Study 
Seasonal factors, type | diabetes prevalence and incidence and, 282, 282f, 
316, 317f 
Second-phase insulin response to glucose, 51, 51f 54-55 
in type 2 diabetes, 333, 334f 
Secretin 
glucagon release and, 99 
insulin release and, 94 
Secretory granules, in insulin synthesis and packaging, 28, 45 
Segregation analysis, diabetic nephropathy genes and, 705 
Seizures, in hyperglycemic hyperosmolar syndrome, 590 
treatment and, 595¢ 
Selective inbreeding, for animal models, 247 
Selenium, diabetic nephropathy affected by, 709 
Self-association, insulin, 483-485, 484f 
subcutaneous absorption of insulin preparations and, 491, 492f 
Self-efficacy, health education for diabetes self-management and, 984 
Self-management, health education for, 983-991. See also Education 
Self-monitoring systems, blood glucose, 508-509, 508r, 951 
in gestational diabetes, 633 
Semilente insulin, 486 
Semmes-Weinstein monofilament, as neuropathy screening tool, 777-778 
Senescent cataract, 658 
Sensation, loss of in diabetic foot 
injury prevention and, 860 
protective function loss and, 860-861 
Sensory nerve action potential, testing, in diabetic neuropathy diagnosis, 
775 
Sensory nerves 
of islets of Langerhans, 44-45 
tests of function of, in diabetic neuropathy diagnosis, 774 
Sensory threshold measurements, in diabetic neuropathy diagnosis, 774 
Sepsis, hyperglycemia and, 138 
Serotonin reuptake inhibitors, for painful diabetic neuropathy, 785 
Sertraline, for painful diabetic neuropathy, 785 
Serum, for glucose concentration determinations, 273 
Sex. See Gender 
Sex hormones, in type 2 diabetes, 290 
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Sexual function/dysfunction 
assessment of in older patient with diabetes, 419 
in autonomic neuropathy, 796-799 
SGM 110, insulin gene expression and, 32 
SH2 (Src homology [SH]2) domains, of IRS-1, 70, 71 
Shear stress, breakdown of newly healed foot ulcer and, 874-875, 875f 
SHHF/Mcc-cp rats, 243-244 
Shin spots (diabetic dermopathy), 902-903, 902f 
Shock, hyperglycemia and, 131-132 
Shoes, diabetic foot care and, 897 
inserts for, 867-868, 868f 
ischemic pressure ulceration and, 863-865, 864f 
rocker-soled, 868-869, 869f 
walking management and, 867 
Short-acting insulin, 501-502, 502f 950 
in mixed preparations, 502 
in multiple daily injection (MDI) regimen, 503-504 
in twice-daily administration regimen, 502 
Shoulder dystocia, macrosomia and, 630, 642 
SHP2, in insulin mechanism of action, 71 
SHR/N-cp rats, 243 
SHROB (Koletzky/fa*) rats, 245 
SHU-9119, weight/food intake regulation affected by, 157 
Sialoglycolipid, in type 1 diabetes, 3111 
Sibutramine, sulfonylurea therapy monitoring and, 537 
Sick day guidelines, in nutritional management, 446 
Signal recognition particle. in insulin biosynthesis, 24, 25f 
Signal transduction, glucose-induced alterations in, in diabetic neuropathy, 
754-755 
Signaling, in insulin synthesis/secretion, 45-48 
postreceptor defects in, in insulin resistance/type 2 diabetes, 385, 
391-392 
Sildenafil, for erectile dysfunction, 798 
“Silent” ischemia, 825-827, 826f 
cardiac autonomic neuropathy and, 838 
Simple sequence repeat (SSR) markers, type | diabetes linkage and, 311 
Simultaneous pancreas-kidney transplant. See Pancreas/pancreas-kidney 
transplantation 
Simvastatin 
for coronary heart disease, 827 
for dyslipidemia, 809, 810r, 811 
Sipple’s syndrome (MEN IIA), glucose intolerance in, 432 
Sirolimus, for islet cell transplantation, 942 
Sitostanol, in nutritional management, 444 
Skeletal muscle 
insulin action in, exercise/physical activity affecting, 474 
obesity-induced changes in, in insulin resistance, 408 
Skin 
disorders of, 895-908. See also specific type 
acanthosis nigricans, 267, 347, 355, 392-393, 897-898, 897-899, 898/ 
acquired perforating dermatosis, 903—904, 903f 
bullosis diabeticorum, 903 
dermopathy, 902-903 
eruptive xanthomas, 901 
glucagonoma and, 904 
granuloma annulare, 902 
infections, 602, 604-605, 900-901 
injections and, 904 
insulin injection complications, 904 
limited joint mobility (LJM), 898-899, 899f 
necrobiosis lipoidica (NL), 901-902, 901f 
sclerederma, 899-900, 899f 
scleroderma-like syndrome (SLS), 898-899, 899f 
thick skin and, 898-900, 899f 
ulcers, 895-897, 896f 897f 
in host defenses, 601 
abnormalities of in diabetes, 602, 602r 
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Skin blood flow, in autonomic neuropathy, 799-801, 800f 
Sleep apnea, in autonomic neuropathy, 801 
SLI. See Somatostatin-like immunoreactivity 
Slope of glycemic potentiation, 53r, 55, 55f, 334 
SLS. See Scleroderma-like syndrome 
Small bowel transit time, diabetic diarrhea and, 885 
Small intestine, disorders of, 884—886, 886r 
Small left colon syndrome, in infants of diabetic mothers, 644 
Smoking 
cessation of, in hypertension management, 817 
diabetic retinopathy prevalence/severity and, 6761, 680 
SNAP (sensory nerve action potential), testing, in diabetic neuropathy 
diagnosis, 775 
SNAP-25, 201 
Snowflake cataract, 658, 689 
Social support, for children/adolescents with type 1 diabetes, 569 
Socioeconomic status, diabetic retinopathy development/severity and, 680 
Sodium 
in diabetic ketoacidosis, 576, 5761, 577-578, 577t 
dietary 
in nutritional management, 443-444 
reduction of in hypertension management, 816 
in insulin release, 47 
Sodium/lithium countertransport, in diabetic nephropathy, 705 
Sodium/potassium ATPase 
in diabetic neuropathy, 755-756 
oxidative stress and, 758 
endothelial dysfunction and, 847 
polyol pathway flux and, 185 
Sodium transport, in diabetic nephropathy, 728 
Soft exudates (cotton-wool spots), in diabetic retinopathy, 654 664, 664f 
665f 
Soft tissue infections, 602, 604—605. See also Cutaneous infection 
Somatomammotropin, human chorionic, insulin resistance and, 620 
Somatosensory neuropathy, 771-788. See also Neuropathy 
classification of, 772-773, 7721, 773 
diagnosis/staging of, 7721, 774-777, 777¢ 
outpatient evaluation and, 777-778, 778f, 779f, 780f 
duration/severity of diabetes and, 773-774 
epidemiology/impact/scope of, 771-772 
focal, 7721, 773, 778-781 
mononeuropathy, 773, 7731, 778-779, 781 
polyneuropathy, 781-785, 782f 
screening tools for, 777-778, 778f 779f, 780f 
treatment of, 784-785, 785¢ 
approaches to, 778 
Somatostatin. See also Octreotide 
for diabetic diarrhea, 885 
glucagon release and, 99 
insulin secretion/action affected by, 51, 429r 
islet dysfunction caused by, type 2 diabetes and, 337 
synthesis/secretion of 
in alloxan- and STZ-treated animals, 234 
by delta cells, 43 
by islet cell tumor, diabetes associated with, 430-431, 431r 
Somatostatin-28 (S-28), insulin release and, 94 
Somatostatin-like immunoreactivity, 431 
Somatostatinoma, diabetes associated with, 430-431, 431 
Son-of-sevenless (Sos) 1 and 2, in insulin mechanism of action, 75, 75f 
Sorbinil, for microvascular disease, retinopathy and, 670 
Sorbitol. See also Polyol pathway/sorbitol-polyol pathway 
cataract formation and, 658-659, 689 
in diabetic nephropathy, 711, 711f 
in diabetic neuropathy, 752, 752-755, 753f 
autonomic dysfunction and, 790 
in diabetic retinopathy, 655, 670 
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inhibitors of, 956 
polyol pathway flux affecting concentration of, 185 
superoxide overproduction and, 189, 190f 
Sorbitol-osmotic hypothesis, of diabetic neuropathy, 752-755, 753f 
Sorbitol (sweetener), in nutritional management, 440, 440r 
Sos (son-of-sevenless) 1 and 2, in insulin mechanism of action, 75, 75f 
Spl, in hyperglycemia-induced microvascular disease, 187-188 
superoxide overproduction and, 190 
Spare receptor theory, 371 
Spiny mice (Acomys cahirinus), diabesity in, 246-247 
Spironolactone, for heart failure, 837 
SPK (simultaneous pancreas-kidney transplant). See Pancreas/pancreas- 
kidney transplantation 
Splenda. See Sucralose 
SR-BI (scavenger receptor, class B, type 1), in dyslipidemia, 808-809, 
808f 
Src homology (SH)2 domains, of IRS-1, 70, 71 
SSR markers. See Simple sequence repeat (SSR) markers 
Stages of change, health education for diabetes self-management and, 984, 
986r 
Standards of care, for diabetic patient, 974-975 
Staphylococcus (staphylococcal infection) 
aureus 
carriers of, 602 
pneumonia caused by, 607 
bacteremia, 608 
cutaneous (skin), 604, 900 
Starvation. See also Fasted state 
accelerated, in pregnancy. 621 
ketogenesis in, 7, 8-9, 15, 16f 
metabolism during, 7-9, 8f 
early changes and, 7, 8f 
STAT- 1a, genetically-engineered cell lines with resistance to immune 
destruction and, 211, 213f 
Statin drugs 
for coronary heart disease, 827 
for dyslipidemia, 81 | 
hypertension and, 820 
type 2 diabetes prevention and, 292-293 
Steatosis (fatty liver), 888-889 
Stem cells, as islet tissue source for transplantation, 212-213, 944, 951 
Steno hypothesis, of diabetic nephropathy, 711 
Steno studies, 812, 912-913 
Stents, intracoronary, 829-830, 830r 
for acute MI, 832 
Steroid diabetes, 368 
STF1. See PDX1 
Stiffman syndrome, 268 
Stimulus/secretion coupling factors, genetic engineering in identification 
of, 203-206, 204f 205f 
Stockholm Diabetes Intervention Study (SDIS), 9122, 913-914 
Stomach disorders, 880-884 
Streptococcal infection 
bacteremia, 608 
cutaneous, 900 
Streptozocin 
beta cell loss/dysfunction caused by, 59, 59f, 318 
animal model of, 232-233 
endocrine derangements in, 234 
glucose metabolism in, 233 
insulin receptor derangements in, 234 
lipid metabolism in, 234 
metabolic and endocrine changes in, 233-234 
multiple-dose model (MD-STZ), 234-235 
protein metabolism in, 233-234 
for malignant insulinoma, 970 


Stress 
diabetic ketoacidosis and, 575 
surgery producing, 611-612. See also Surgery 
Stress hormones. See also Catecholamines 
beta cell abnormalities and 
in type 1 diabetes, 141-142 
in type 2 diabetes, 142 
hyperglycemia and. See Stress hyperglycemia 
in insulin release, 497, 50 
surgery and, 611-612 
Stress hyperglycemia, 127-149, 128/ 
burn injuries and, 138-139, 138f 
clinical forms of, 130-140. See also specific disorder 
cold stress and, 135-136, 136f 
in diabetes, 140-143, 140f 141f 
management of, 143-144 
exercise/physical activity and, 465 
general considerations in, 129 
hypoglycemia and, 132-135, 132f, 133f 134f 
hypotension and, 131-132 
hypoxia and, 130-131, 130f 
ketoacidosis and, 140-141, 141f 
management of, 143-145 
myocardial infarction and, 136-137 
neuroendocrine signals in, 128f 130, 130f 
nutritional management and, 446 
sepsis and, 138 
surgery and, 137, 611-612 
traumatic injuries and, 139-140 
in type | diabetes, 140-142. 140f 141 
management of, 143-144 
in type 2 diabetes, 142-143 
management of, 144-145 
Stress reduction techniques, for children/adolescents with type | diabetes, 
569 
Stroke 
coronary artery bypass grafting and, 828 
diabetic cerebrovascular disease and, 848 
diabetic retinopathy and, 681, 6817 
Stupor, in hyperglycemic hyperosmolar syndrome, 590 
STZ. See Streptozocin 
Subclinical (asymptomatic/chemical) diabetic, in WHO classification 
scheme, 269 
Subcutaneous insulin absorption, factors affecting, 490—491 
Subcutaneous insulin infusion, continuous (CSI), 504-506, SOSf 505r 
hypoglycemia and, 960 
initial dosage determinations for, 505-506 
during labor and delivery, 630 
pump for, 504-505 
skin complications of, 904 
in type 2 diabetes therapy, 520 
Subcutaneous regimens, for insulin therapy during surgery, 614 
Substance abuse, diabetic decompensation and, 575 
Substrate deficiency syndrome, in pregnancy, 621 
Substrate metabolism, regulation of during exercise, 454-463, 454f 
carbohydrate ingestion affecting, 461-462 
endogenous glucose production and, 454-456, 455f 
fat metabolism and, 456 
metabolic efficiency and, 453-454 
muscle glucose uptake and, 457-461, 457f 458f 
muscle glycogenolysis and, 457 
postexercise glucose metabolism and, 462-463, 463f 
storage efficiency and, 454 
Subtilisin, 25 
Succinate, as stimulus/secretion coupling factor, 203 
Sucralose, in nutritional management, 440, 440r 
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Sucrase, acarbose/miglitol inhibition of, 543 
Sucrose, in nutritional management, 439, 440r 
Sudden death, in diabetes patients, 802, 838 
Sudomotor dysfunction, autonomic, 773, 801 
Sugar alcohols (polyols). See also Polyol pathway 
in nutritional management, 440, 4407 
Sulfonylurea receptor (SUR 1), 46, 532 
in insulin release, 46 
in type 2 diabetes, 348-349 
Sulfonylureas, 346, 517, 531-537, 532: 
cardiac effects of, 534-535 
clinical use/efficacy of, 533-534 
in combination therapy, 5571 
with acarbose, 555-556, 5571 
with glitazone, 554, 5571 
with insulin, 557 
with metformin, 554, 557r 
in triple combination, 557 
contraindications to, 536 
diabetic nephropathy affecting dosage requirements and, 536, 738-739 
dosing recommendations for, 5321, 535-536 
drug interactions and, 536-537 
extrapancreatic effects of, 534 
hypoglycemia caused by, 536, 961, 961r 
factitious, 968 
insulin therapy compared with, 517, 518r 
lipid levels and, 535 
mechanisms of action of, 532, 533f 
pharmacokinetics of, 533, 533r 
in prevention/delay of onset of type 2 diabetes, 535 
side effects of, 536 
sites of action of, 532f 
surgery in patient taking, 616 
Sulindac, for painful diabetic neuropathy, 785, 785r 
Summative (outcome) evaluation, in health education for diabetes self- 
management, 987 
SUN. See Urea nitrogen, serum 
Superoxide overproduction 
hyperglycemic memory and, 191, 191f 
microvascular disease and, 188-191, 189f, 190f, 847 
future drug targets for management and, 192 
Supplements, in nutritional management, 444 
SURI. See Sulfonylurea receptor 
Surgery, 611-618 
anesthesia for, metabolic effects of, 611 
cardiopulmonary bypass and, 617 
day (outpatient/ambulatory), 613, 616 
emergency, 616-617 
glycemic control and, 144, 145, 613-616 
aims of therapy during operative period and, 612 
glucose/insulin/potassium (GIK) regimen for, 614-615, 615¢ 
postoperative management and, 616 
intravenous insulin regimens for, 614 
metabolic effects of surgery and, 612 
practical guidelines for, 615 
separate insulin and glucose regimens for, 615, 615r 
subcutaneous insulin regimens for, 614 
in type 1 diabetes, 613-615, 614r, 615r 
in type 2 diabetes, 615-616 
metabolic effects of, 137, 611-612 
morbidity and mortality associated with, 617 
perioperative management and, 613 
preoperative management and, 612-613, 613r 
Sweeteners, in nutritional management, 440, 440r 
nonnutritive, 440, 440r 
nutritive, 439, 440r 
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Sympathetic nervous system 
cardiovascular autonomic neuropathy and, 790, 792 
islets of Langerhans innervated by, 44-45 
hypoglycemia recovery and, 132-133, 135 
obesity/type 2 diabetes and, 409 
stress hyperglycemia and 
hypothermia-induced, 135 
hypoxia-induced, 130-131 
surgery-induced, 137 
trauma-induced, 139-140 
Sympathetic neurotransmitters, in insulin release, 497, 50-51 
Synaptobrevin, 201 
Syndrome of inappropriate secretion of antidiuretic hormone (SIADH), 
chlorpropamide use and, 536 
Syndrome X. See Metabolic syndrome 
Syntaxins, 201 
Syp/SHPT2/SHP2, in insulin mechanism of action, 71 


T. See Triiodothyronine 
T4. See Thyroxine 
T-cell receptors 
diversity of, 219-221, 221f 
type 1 diabetes association with genes for, 310-311 
T lymphocytes, 219-220 
activation of, costimulatory signals and, 223-224, 223f, 313 
antigen recognition by, 220 
costimulatory signals and, 223-224, 223f 313 
major histocompatibility complex molecules and, 221-222, 222f 
polymorphism and, 222, 223f 
in atherosclerotic plaque formation, 166f, 167 
beta cell destruction in type 1 diabetes and, 225-226 
development/selection of, 222-223 
effector functions of, 224 
in host defenses, 602 
in islet cell transplant rejection, 945 
receptors on. See T-cell receptors 
t-PA. See Tissue-type plasminogen activator 
TIDM. See Type 1 diabetes mellitus 
T2DM. See Type 2 diabetes mellitus 
Table top sign, in limited joint mobility. 898 
Tachycardia 
in cardiovascular autonomic neuropathy, 790, 791 
orthostatic, in autonomic neuropathy, 793-794 
Tachygastria, in autonomic neuropathy, 795 
Tacrolimus (FK506) 
for islet cell transplantation, 942 
for pancreas transplantation, 930, 933 
Tandem repeats, in insulin gene, 29, 31 
diabetes mellitus pathogenesis and, 32, 310 
TAP-1/TAP-2, MHC molecules in diabetes and, 221, 309 
Tarsal/metatarsal fracture, 876 
Taurine 
diabetic nephropathy affected by, 709 
in sorbitol-osmotic hypothesis of diabetic neuropathy, 752-755, 753f 
TCR. See T-cell receptors 
Teaching principles, in health education for diabetes self-management, 983 
Team approach 
for health education for diabetes self-management, 987-989, 988r 
for intensive diabetes management, 511-512, 511f 
for management of children/adolescents with type 1 diabetes, 569 
Temporal factors, type 1 diabetes prevalence and incidence and, 282-283, 
282f, 317 
TENS. See Transcutaneous electrical nerve stimulation 
Teratogenesis, fuel-mediated, 622, 622f, 642 
long-range implications of, 644-648 
Tetany, in hyperglycemic hyperosmolar syndrome, 595r 


TGF-. See Transforming growth factor B 
THI cells, 224 
in type 1 diabetes, 314-315 
TH2 cells, 224 
in type | diabetes, 313, 314-315 
Thermal perception threshold, testing, in diabetic neuropathy diagnosis, 
774 
Thermographs, for identification of repetitive stress locations, 866, 867f 
Thiamine deficiency, in hyperglycemic hyperosmolar syndrome, 594 
Thiazide diuretics, for hypertension in diabetes, 735 
Thiazolidinediones, 347, 517-518, 546-553, 954. See also Pioglitazone; 
Rosiglitazone 
adipose tissue affected by, 549-550, 550f 
atherogenesis affected by, 550, SSOf 
beta-cell function affected by, 550, 551f 
cancer cells affected by, 551 
cardiac effects of, 550 
clinical use and efficacy of, 548, 548f 
in combination therapy, 548, 548f 
with insulin, 558 
with insulin secretagogue, 554 
with metformin, 554-555 
contraindications/precautions in use of, 553 
diabetic nephropathy and, 551, 738 
dosage recommendations and, 551 
drug interactions and, 552-553 
hypertension affected by, 550 
insulin sensitivity affected by, 549, 549f 
insulin therapy compared with, 518r 
lipids affected by, 549, 807 
mechanism of action of, 547 
PAI-1 activity affected by, 178 
pharmacokinetics of, 547-548 
PPARY affected by, 547 
side/adverse effects of, 517-518, 551-552 
structure of, 547f 
in type 2 diabetes prevention, 551 
Thick skin (diabetic), 898-900, 899f 
Third cranial nerve, in diabetic neuropathy (diabetic ophthalmoplegia), 
773, 779-781 
Thirst, lack of response to, hyperglycemic hyperosmolar syndrome and, 
588, 589 
38kd, in type 1 diabetes, 311 
Thoracic radiculopathy, 773, 781 
Thrombin, PAI-1 affected by, thrombosis and, 177 
Thrombolytic therapy, for acute MI, 832 
Thrombosis, 171, 176-178 
coronary artery disease and, 824 
in hyperglycemic hyperosmolar syndrome, 590 
treatment and, 596r, 598 
PAI-1 and 
increased production of, 177 
physiology of, 176-177 
therapeutic implications of, 177-178 
Thromboxane A3, endothelial dysfunction and, 847 
Thyroid disorders, diabetes associated with, 429 
Thyroid hormones. See also Thyroxine; Triiodothyronine 
insulin secretion/action affected by, 429r 
Thyroxine (T4) 
glucose production/utilization affected by, 128 
insulin secretion/action affected by, 429r 
N**\L-thyroxylinsulin, 951 
Ticlopidine, for coronary heart disease, 827 
“Tissue culture experience,” pregnancy as, 622, 641 
Tissue-type plasminogen activator (t-PA), in thrombosis, 176 
PAI-1 interactions and, 176-177 
TNF. See Tumor necrosis factor 


Toddlers. See also Children 

type | diabetes in 

developmental and family issues and, 566, 566r 
nutritional management and, 445 

Toenail onychomycosis, 900-901 
Tolazamide, 531, 5327 

clinical use/efficacy of, 533 

extrapancreatic effects of, 534 

pharmacokinetics of, 533r 
Tolbutamide, 531, 532r 

cardiac effects of, 534 

clinical use/efficacy of, 533 

pharmacokinetics of, 533¢ 
Tolbutamide test, for leucine-induced hypoglycemia, 969 
Torri rat, 238 
Total contact cast, for diabetic foot ulcers, 872-874, 873f 874f 875f 
Total parenteral nutrition 

for acutely ill diabetic, 447 

hypoglycemia after, 964 
Tramadol, for painful diabetic neuropathy, 785r 
Trans-fatty acids, in nutritional management, 441-442, 442r 
Transaminases, acarbose/miglitol therapy affecting, 546 
Transcription factors, in insulin gene transcription regulation, 29-31, 30f 

45 

diabetes mellitus and, 32-33 

Transcutaneous electrical nerve stimulation (TENS), for painful diabetic 
neuropathy, 785, 785r 


Transcutaneous oximetry, for lower extremity vascular disease evaluation, 


852, 896 
Transforming growth factor B (TGF-f) 
autoimmune responses in type | diabetes and, 227 
in diabetic nephropathy, 706, 727, 727f 
extravasation of, in microvascular disease, 182 
PAI-1 affected by, thrombosis and, 177 
retinal neovascularization inhibited by, 658 
Transgenic animals 
for diabetes research, 2311, 238-244 
insulin-resistant rodents with diabesity, 2311, 238-240 
insulin-resistant rodents with sustained insulin secretion, 240-244 
for gene transfer studies, 197-198 
glucose phosphorylation studies, 202-203 
Transplantation. See also specific type or organ 
cardiac, 837 
islet cell, 941-948, 951 
pancreas (pancreas-kidney), 740-741, 922, 927-939 
for insulitis, 258 
renal, 740-741, 921-922 
Transtheoretical (stages of change) model, health education for diabetes 
self-management and, 984, 986r 
Trauma, stress hyperglycemia and, 139-140 
Trazodone, for painful diabetic neuropathy, 785, 785r 
Tricyclic antidepressants, for painful diabetic neuropathy, 785, 785r 
Triglycerides. See also Fats; Hypertriglyceridemia 
dietary, in nutritional management, 440-441, 4411 
exercise/physical activity affecting levels of, 475 
GIP secretion and, 86 
insulin release and, 49 
levels of in diabetes, 805, 806f 
ideal, 810 
management based on, 810-811 
metformin affecting, 541 
pioglitazone affecting, 549 
as substrate in exercise/physical activity, 456 
Triiodothyronine (T;), insulin secretion/action affected by, 429r 
Trks. See Tropomyosin-related kinases 
Troglitazone 
adipose tissue affected by, 549-550, 954 
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atherogenesis affected by, 550, 550f 
beta-cell function affected by, 550 
cancer cells affected by, 551 
diabetic nephropathy and, 738 
drug interactions and, 552-553 
insulin sensitivity affected by, 549 
lipids affected by, 549, 807 
mechanism of action of, 547 
PAI-1 levels affected by, 550 
in type 2 diabetes prevention, 292 
withdrawal of from market, 517-519, 547, 553, 807, 954 
Tropomyosin-related kinases, in diabetic neuropathy, 761, 762 
Trucking, diabetic patients banned from, 979 
Truncal neuropathy (diabetic thoracic radiculopathy), 773r, 781 
Tuberculosis, 608 
Tubular basement membrane, in diabetic nephropathy, 697, 698 
Tubulointerstitial disease, in diabetic nephropathy, 724-725, 724f 
Tumor hypoglycemia, 962, 966, 968 
Tumor necrosis factor 
a 
insulin resistance and, 370, 407, 408f 
location of gene for, 307f 309 
polymorphisms associated with type 1 diabetes and, 309 
shock/hypotension-induced hyperglycemia and, 131 
thiazolidinedione mechanism of action and, 547 
B 
location of gene for, 307f, 309 
polymorphisms associated with type 1 diabetes and, 309 
myocardial infarction-induced hyperglycemia and, 136 
sepsis-induced hyperglycemia and, 138 
in type | diabetes, 314-316 
Twin studies 


sodium/lithium countertransport in diabetic nephropathy and, 705 


in type | diabetes, 316 
natural history and, 303 
in type 2 diabetes, 288, 348, 374 
TXA.. See Thromboxane A; 
Type A insulin resistance, 267, 347, 355, 393 
Type 1 diabetes mellitus, 265-266, 266r 
acarbose in management of, 544 
age distribution of, 281, 281f 
autoantibodies in, 311-313, 311r 
as autoimmune disease, 224-228, 311-316. See also Type la 
(autoimmune) diabetes mellitus 
animal models of, 224-226, 231r, 235-238, 2371 
immunologic approaches to prevention and, 227-228, 950 
initiation of autoimmune response and, 226-227 
latent (latent autoimmune diabetes of adults/LADA), 267, 280 
sustaining autoimmune response and, 227 
autonomic neuropathy prevalence in, 790 
cardiovascular, 790-791, 837 
behavioral/family aspects of, 565-572. See also Type 1 diabetes 
mellitus, in children and adolescents 
beta cell loss/dysfunction in, 257-258, 258f 
adaptation to, 59 
candidate genes for, 283, 310r 
cardiovascular autonomic neuropathy in, 790-791, 837 
cellular immune response and cytokines in, 313-316 


in children and adolescents, developmental and family issues and, 


565-572 
adolescents, 566, 568-569 
infants and young children, 565-566, 566r 
interventions/therapy implications and, 569-570 
psychosocial interventions and, 569-570 
school-age children, 566-568, 566r 
team management and, 569 
transition to young adulthood and, 569 
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Type 1 diabetes mellitus (cont.) 


chromosome 6 association and, 309-310 
chromosome | 1 association and linkage and, 311 
classification of, 265-266, 266r 
clinical onset of, 280-284 
complications of, 284. See also specific type 
genetic predisposition to, 182-183, 184f 
glycemic control and, intervention trials in assessment of, 911-919 
day (outpatient/ambulatory) surgery in patients with, 616 
developmental and family issues in, 565-569, 566r. See also Type 1 
diabetes mellitus, in children and adolescents 
interventions/therapy implications and, 569-570 
diagnostic criteria for, 272f, See also Diabetes mellitus, 
classification/diagnosis of 
dietary factors and, 283, 284, 318-319 
drug- or chemical-induced, 318 
dyslipidemia in, 805, 806f 
glycemic control and, 806 
pathophysiology of, 807 
in elderly patient, 415 
environmental factors in, 283-284, 316-322, 3187, 950 
genetic factor interactions and, 284 
epidemiology of, 277-285, 316-318, 318f 
ethnic differences in incidence of, 279f, 281 
etiology of, stress-related neurohormonal changes and, 141-142 
exercise/physical activity and, 464—467 
hyperglycemia effect and, 467, 469f 470f 
inadequate insulinization and, 465 
insulin sensitivity and, 464, 472-474 
intense exercise and, 466-467, 468f 
overinsulinization and, 465—466, 466f, 467f 
family history in, 283 
HLA markers and, 304-305, 305r 
gender variations in, 281 
genetic factors in, 283, 304-311, 310r 
environmental interactions and, 284 
HLA association, 283, 304-309, 3041, 305f 306f 307f 3072, 308r 
genome scanning for, 311 
geographic variability in incidence of, 279f 281, 316-317 
GIP in, 89 
a-glucosidase inhibitors for, 544 
HLA association and, 283, 304-309, 304r, 305f 306f 307f 3071, 3087 
hypoglycemia in, 523-530, 959-961. See also Hypoglycemia, insulin- 
induced 
immunoglobulin genes in, 310 
in infancy and young childhood, developmental and family issues and, 
565-566, 566r 
insulin gene expression and, 32-33 
insulin resistance and, 392 
lipid profiles in, 805, 806f 
maternal diabetes and, 648 
mortality rates associated with, 284 
natural history of, 277, 278f, 278r, 302-304, 303f 
nephropathy in. See also Nephropathy 
incidence of, 723, 723f, 728 
pathology of, 697-700, 699f 701f 
structural-functional relationships and, 700-701, 701f 
neuropathy in, 772. See also Neuropathy 
autonomic dysfunction and, 790 
cardiovascular, 790-791, 837 
nutritional management in, 445 
pancreas pathology in, 257-258, 258f 
pathophysiology of, 301-329 
postprandial hyperglycemia and, 10-11, 951 
preclinical beta cell autoimmunity and, 277-280 
pregnancy and. See Pregestational diabetes mellitus; Pregnancy 
prevalence and incidence of, 279f 281-283, 281f, 282f 301 
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prevention of 
immunologic approaches to, 227-228, 950 
in patients with beta-cell autoimmunity, 280 
primary, 280, 285r 
secondary, 284, 285r 
tertiary, 285 
racial differences in incidence of, 279f, 281 
remission of (honeymoon period), 284 
beta cell adaptation and, 59, 140 
stress hyperglycemia in, 140-142, 140f 141f 
management of, 143-144 
subclinical, beta cell loss/dysfunction in, adaptation to, 59 
surgery in patients with 
blood glucose control and, 613-615, 614r, 6151 
metabolic effects of, 612 
T-cell receptor gene association and, 310-311 
time variations in incidence of, 282-283, 282f, 317 
treatment of. See also Insulin therapy 
changes in approach to, 950-951 
shortcomings of, 949-950 
viral infection and, 283, 319-322, 320r 
HLA class II alleles and, 284 


Type la (autoimmune) diabetes mellitus, 266, 277. See also Type | 


diabetes mellitus 
animal models of, 224-226, 2311, 235-238, 237r 
immunologic approaches to prevention and, 227-228, 950 
initiation of autoimmune response and, 226-227 
latent (latent autoimmune diabetes of adults/LADA), 267, 280 
natural history of, 277, 278f, 278 
preclinical beta cell autoimmunity and, 277-280 
sustaining autoimmune response and, 227 


Type 2 diabetes mellitus, 266-267, 266r 


alcohol intake and, 291 
autonomic neuropathy prevalence in, 790 
cardiovascular, 790-791, 837 
beta cell loss/dysfunction in, 258-261, 259f 260f 261f, 332-338 
adaptation to, 59-60 
nature of lesion causing, 337-338 
birth weight affecting risk for, 289-290 
candidate genes for, 348-349 
cardiovascular autonomic neuropathy in, 790-791, 837 
in children and adolescents, 287, 287f 
nutritional management in, 445-446 
obesity and. 409-410 
classification of, 266-267, 2661, 285-286 
complications of. See also specific type 
glycemic control and, intervention trials in assessment of, 516-517, 
919-92] 
in older patients, 415-416, 416r 
day (outpatient/ambulatory) surgery in patients with, 616 
decompensated, 333 
diagnostic criteria for, 272f, 285-286. See also Diabetes mellitus, 
classification/diagnosis of 
diet and, 290-291 
drug induced, 268 
dyslipidemia in, 805, 806f 
glycemic control and, 806-807 
pathophysiology of, 807-809, 808f 823 
in elderly patient, 415-424 
carbohydrate metabolism changes and, 416-417, 416f 4171 
classification/definition and, 415 
comprehensive assessment and, 417-419, 418r 
epidemiology and, 415-416, 416, 416r 
initial presentation and, 417 
therapy approaches to, 419-422, 420f 421r 
epidemiology of, 285-293 
in older patient, 415-416, 416f. 416r 
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etiology of, 373-374, 373f incidence of, 723, 728 
stress-related neurohormonal changes and, 142-143 pathology of, 700 
exercise/physical activity and, 289, 289f 467-468 structural-functional relationships and, 701-702 
disease incidence and prevalence and, 289, 289f neuropathy prevalence in, 772 
disease prevention and, 292, 292f, 468-475, 471f, 47 1t, 473f, 474f autonomic dysfunction and, 790 
family history in, 287, 403, 403f cardiovascular, 790-791, 837 
genetic factors in, 288, 288f 347-350, 374, 390-392 nutritional management in, 445-446 
studies of, 348 obesity and, 438-439 
genome-wide scanning for, 349-350 obesity and, 288-289, 289f 402-403, 403f 
GIP in, 89 autonomic nervous system and, 409 
GLP-1 in, 92-94 in children and adolescents, 409-410 
glucagon secretion in, basal and stimulated, 334-336, 336f insulin resistance and, 60, 341-342, 391, 404—408, 406f 408f 
glucose resistance in, 341 nutritional management and, 438-439 
glucose transport in, 383-385, 383f 384f as risk factor, 288-289, 289f, 403-404, 404f, 4041, 405f 
incidence of, 287 pancreas pathology in, 258-261, 259f 260f 261f, 337-338 
incretin effect and, 85, 87f pathophysiology of, 332-346 
inflammation and, 290 model of, 344-346, 345f 
insulin gene expression and, 32-33 postprandial hyperglycemia and, 10-1 1, 953 
insulin resistance in, 291, 291f, 338-342, 339f 340f 373-378 pregnancy and. See Gestational diabetes mellitus, Pregestational 
genetic factors in, 380-386, 390-392 diabetes mellitus; Pregnancy 
hepatic, 339, 339f 375-377, 376f prevalence of, 286-287, 286f 
hyperglycemia pathogenesis (insulin-mediated versus non-insulin- prevention of, 292-293, 292f, 952-953 
mediated) and, 377-378, 377f, 378f exercise/physical activity and, 292, 292f, 468-475, 471f, 4711, 473f, 
insulin sensitivity studies and, 374-375, 375f, 376f 474f 
interaction of with insulin secretion, 342-344, 342f 343f 344f a-glucosidase inhibitors and, 545 
obesity and, 60, 341-342, 404-408, 406f 408/ metformin and, 542 
pathogenesis/etiology and, 373-374, 373f sulfonylureas and, 535 
peripheral, 340-341, 340f thiazolidinediones and, 551 
sulfonylureas affecting, 534 risk factors for, 287-291 
therapy implications and, 515-516, 516f obesity and, 288-289, 289f, 403-404, 404f 4041, 405/ 
insulin secretion in sex hormones and, 290 
basal, 332-333, 332f stress hyperglycemia in, 142-143 
glucose-stimulated, 333, 333f, 334f 335f management of, 144-145 
non-glucose-stimulated, 334, 335f 336f surgery in patients with 
therapy implications and, 515-516, 516f blood glucose control and, 615-616 
insulin sensitivity in, 374-375, 375f 376f metabolic effects of, 612 
exercise/physical activity affecting, 469-471, 472-474, 472f, 473f treatment of, 346-347 
metformin affecting, 540, 541f changes in approach to, 952-956 
therapy implications and, 515-516, 516f combination therapy, 520 
insulin therapy for, 347, 515-522, 516f with insulin, 347, 515-522, 516f See also Type 2 diabetes mellitus, 
adding oral agents and, 557-558, 558f insulin therapy for 
adding to oral therapy and, 557 nutritional management in, 445-446 
in combination with other modalities, 520, 557-558 obesity and, 438-439 
comparison of with other treatment modalities, 517-518, 5187 with oral antidiabetic agents, 346, 517-519, 531-564. See also Oral 
doses and, 5187, 519 antidiabetic agents 
efficacy and, 517 insulin therapy compared with, 517-519, 518r 
metabolic goals of, 516-517 shortcomings of, 951-952 
pathophysiology and, 515-516, 516f strategies in, 553-558, 555f, 953-956 
patient selection for, 520-521, 520r Type B insulin resistance, 393 
regimens for, 518r, 519-520, 519r Tyrosine kinase, insulin receptor, 68-69, 370-371 
reinitiation of oral therapy and, 558 cellular targets of phosphorylation of, 69-71, 69r 
sulfonylurea failure and, 534 defects in autophosphorylation of, 380-382, 381f, 382 
switching to oral sulfonylureas and, 535-536 impaired activity of, 356 
intrauterine environment affecting risk for, 290, 290f, 646-648, 647f in pregnancy, 620 
islet amyloid in, 259-261 receptor subpopulations in type 2 diabetes and, 382-383, 382f 
frequency of, 259 Tyrosine kinase domain, of insulin receptor, 68, 68f 


pathogenesis/pathophysiology of, 260-261, 260f 261f, 331-347, 
373-374, 373f 


pathogenic importance of, 260 UCSNP-43, in type 2 diabetes, 391 
structure and topography of, 259-260, 259f 260f UGDP. See University Group Diabetes Program 
therapy implications and, 515-516, 516f UKPDS. See United Kingdom Prospective Diabetes Study 
islet cell dysfunction in. See Type 2 diabetes mellitus, beta cell Ulcers, diabetic/neuropathic, 783-784, 783f, 849-850, 851, 895-898, 
loss/dysfunction in 896f, 897f See also Diabetic foot 
lipid profiles in, 805, 806f acute care of, 871-874, 873f, 874f 875f 
metabolic changes in development of, 291-292, 291f care of newly healed foot and, 874-875, 875f 
mortality rates associated with, 287 direct mechanical damage and, 865, 865f 


nephropathy in. See also Nephropathy early identification of, 860 
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Ulcers, diabetic/neuropathic (cont.) 
ischemic pressure and, 863-865, 864f 
moderate repetitive stress and, 865-866, 866f 867f 
risk categorization and, 861-862 
skin blood flow and, 800, 801 
total contact cast in management of, 872-874, 873f, 874f, 875f 
Ultralente insulin, 486-487 
injection timing/clinical implications and, 490 
in multiple daily injection (MDI) regimen, 503-504, 504f 
pharmacokinetics and pharmacodynamics of, 488-489, 490f 
in type 2 diabetes therapy, 519, 519-520 
Ultraviolet light, for donor islet pretreatment, 945 
Uninsured patients, community health centers for, 976 
United Kingdom Prospective Diabetes Study (UKPDS), 920-921, 921f 
blood pressure control and, in retinopathy developmen severity, 679 
glycemic control in type 2 diabetes and, 516-517, 920-921, 921f 
in nephropathy development/severity, 702 
in neuropathy development/severity, 748 
in retinopathy development/severity, 675-677, 6771, 678f 
University Group Diabetes Program (UGDP), glycemic control in type 2 
diabetes and, 516-517 
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